New C 1- and C 2-symmetric sulfoximines : synthesis and application in enantioselective metal catalysis by Rémy, Pauline
  
New C1- and C2-Symmetric Sulfoximines: 
Synthesis and Application in Enantioselective Metal Catalysis 
 
 
 
 
Von der Fakultät für Mathematik, Informatik und Naturwissenschaften 
der Rheinisch-Westfälischen Technischen Hochschule Aachen zur Erlangung des akademischen 
Grades einer Doktorin der Naturwissenschaften 
genehmigte Dissertation 
vorgelegt von 
 
Pauline Rémy 
 
 
 
Berichter:        Universitätsprofessor Dr. C. Bolm 
                        Universitätsprofessor Dr. D. Enders 
 
Tag der mündlichen Prüfung: 13. Juli  2006 
 
Diese Dissertation ist auf den Internetseiten der Hochschulbibliothek online verfügbar. 
 
 Die vorliegende Arbeit wurde in der Zeit von Oktober 2003 bis März 2006 im Institut für 
Organische Chemie der Rheinisch-Westfälischen Technischen Hochschule Aachen unter der 
Leitung von Prof. Dr. Carsten Bolm angefertigt. 
  
 
Herrn Prof. Dr. Carsten Bolm möchte ich herzlich für sein stetes Interesse am Fortgang dieser 
Arbeit und die Bereitstellung optimaler Arbeitsbedingungen danken. 
 
Herrn Prof. Dr. Dieter Enders danke ich für die freundliche Übernahme des Korreferats. 
 
 
 
 
 
 
 
 
Teile dieser Arbeit sind bereits veröffentlicht: 
 
 
"Sulfoximines as Ligands in Copper-Catalyzed Asymmetric Vinylogous Mukaiyama-Type Aldol 
Reactions" P. Rémy, M. Langner, C. Bolm, Org. Lett. 2006, 8, 1209. 
 
"Highly modular synthesis of C1-symmetric aminosulfoximines and their use as ligands in 
copper-catalyzed asymmetric Mukaiyama-aldol reactions" M. Langner, P. Rémy, C. Bolm, 
Chem. Eur. J. 2005, 11, 6254. 
 
"C1-symmetric aminosulfoximines as ligands in copper-catalyzed carbonyl-ene reactions" M. 
Langner, P. Rémy, C. Bolm, Synlett 2005, 781. 
 
"Copper-Mediated Cross-Coupling Reactions of N-Unsubstituted Sulfoximines and Aryl 
Halides" G. Y. Cho, P. Rémy, J. Jansson, C. Moessner, C. Bolm, Org. Lett. 2004, 6, 3293.
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
          A Emmanuel, 
  
 TABLE OF CONTENTS 
1. Sulfoximines .....................................................................................................................1 
1.1 Historical introduction and properties of sulfoximines ...............................................1 
1.2 Preparation of sulfoximines........................................................................................3 
1.3 Functionalization of sulfoximines ............................................................................10 
2. Strategy for the design of ligands..................................................................................... 16 
3. Objectives of the project .................................................................................................. 21 
4. Synthesis of potential ligands .......................................................................................... 23 
4.1 Preparation of C1-symmetric phenyl-bridged aminosulfoximines .............................23 
4.1.1 Introduction of substituents on the phenyl bridge..............................................23 
4.1.2 Modifications of the sulfoximine substituents bound to sulfur ..........................32 
4.2 Preparation of naphthalene-bridged sulfoximines .....................................................34 
4.2.1 C1-symmetric naphthalene-bridged aminosulfoximine......................................34 
4.2.2 C1-symmetric naphthalene-bridged phosphanoylsulfoximine............................35 
4.2.3 C2-symmetric naphthalene-bridged bissulfoximine...........................................36 
4.3 Preparation of indole-bridged sulfoximines ..............................................................41 
4.4 Preparation of paracyclophane-bridged sulfoximines ...............................................43 
5. Application in Catalysis................................................................................................... 45 
5.1 Application of the C1-symmetric aminosulfoximines (N,N-ligands) .........................45 
5.1.1 Mukaiyama-aldol reaction................................................................................45 
5.1.1.1 Introduction..................................................................................................45 
5.1.1.2 Applications of aminosulfoximines as ligands in the Mukaiyama-aldol 
reaction .....................................................................................................................52 
5.1.2 Vinylogous Mukaiyama-aldol reaction.............................................................60 
5.1.2.1 Introduction..................................................................................................60 
5.1.2.2 Application of aminosulfoximines as ligands in vinylogous Mukaiyama-aldol 
reaction .....................................................................................................................71 
5.1.3 Carbonyl-ene reaction ......................................................................................85 
5.1.3.1 Introduction..................................................................................................85 
5.1.3.2 Application of aminosulfoximines as ligands in carbonyl-ene reactions........93 
5.2 Application of the C1-symmetric phosphanoylsulfoximines (P,N-ligands)................99 
5.3 Applications of the C2-symmetric naphthalene-bridged bissulfoximine     (N,N-ligand)
 .............................................................................................................................. 102 
 5.3.1 Naphthalene-bridged bissulfoximine in Diels-Alder reaction.......................... 102 
5.3.2 Naphthalene-bridged bissulfoximine in metal catalyzed 1,3-dipolar cycloaddition
 ....................................................................................................................... 104 
5.3.3 Naphthalene-bridged bissulfoximinium triflate in aza-Henry reaction............. 109 
6. Summary and outlook.................................................................................................... 111 
7. Experimental section ..................................................................................................... 118 
7.1 General remarks..................................................................................................... 118 
7.2 Apparatus and characterization of the products ...................................................... 118 
7.3 HPLC conditions ................................................................................................... 119 
7.4 Purification and drying of solvents and reagents..................................................... 121 
7.5 Commercially-available reagents ........................................................................... 121 
7.6 Compounds prepared according to literature procedures......................................... 122 
7.7 Compounds prepared in our laboratories ................................................................ 122 
7.8 General procedures ................................................................................................ 123 
7.8.1 Method 1: Pd-catalyzed Buchwald-Hartwig-type reaction .............................. 123 
7.8.2 Method 2: Cu-mediated cross-coupling reaction............................................. 123 
7.8.3 Method 3: Nitro group reduction .................................................................... 123 
7.8.4 Method 4: Reductive amination with NaBH4 .................................................. 124 
7.8.5 Method 5: Reductive amination with NaBH3CN............................................. 124 
7.8.6 Method 6: Vinylogous Mukaiyama-type aldol reaction .................................. 124 
7.9 Synthesis of ligands ............................................................................................... 125 
7.9.1 Phenyl-bridged aminosulfoximine without substituent.................................... 125 
7.9.1.1 (S)-N-(2-Nitrophenyl)-S-methyl-S-phenylsulfoximine (56g) ....................... 125 
7.9.1.2 (S)-N-(2-Aminophenyl)-S-methyl-S-phenylsulfoximine (57g) .................... 126 
7.9.1.3 (S)-N-[2-(2,4,6-Trimethylbenzylamino)phenyl]-S-methyl-S-phenylsulfoximine 
(47h) ................................................................................................................... 127 
7.9.1.4 (S)-N-[2-(2,4,6-Triisopropylbenzylamino)phenyl]-S-methyl-S-phenyl 
sulfoximine (47i) ....................................................................................................... 128 
7.9.2 Phenyl-bridged aminosulfoximines with various substituents ......................... 129 
7.9.2.1 (S)-N-[4-Fluoro-2-nitrophenyl]-S-methyl-S-phenylsulfoximine (56a) ......... 129 
7.9.2.2 (S)-N-[2-Amino-4-fluorophenyl]-S-methyl-S-phenylsulfoximine (57a)....... 130 
7.9.2.3 (S)-N-[4-Fluoro-2-(2,4,6-trimethylbenzylamino)phenyl]-S-methyl-S-phenyl 
sulfoximine (47a) ...................................................................................................... 131 
 7.9.2.4 (S)-N-[2-Nitro-4-trifluoromethylphenyl]-S-methyl-S-phenylsulfoximine (56b).
 ................................................................................................................... 132 
7.9.2.5 (S)-N-[2-Amino-4-trifluoromethylphenyl]-S-methyl-S-phenylsulfoximine 
(57b) ................................................................................................................... 132 
7.9.2.6 (S)-N-[4-Trifluoromethyl-2-(2,4,6-trimethylbenzylamino)phenyl]-S-methyl-S-
phenylsulfoximine (47b)............................................................................................ 133 
7.9.2.7 (S)-N-[4-Methoxy-2-nitrophenyl]-S-methyl-S-phenylsulfoximine (56c)...... 134 
7.9.2.8 (S)-N-[2-Amino-4-methoxyphenyl]-S-methyl-S-phenylsulfoximine (57c)... 135 
7.9.2.9 (S)-N-[4-Methoxy-2-(2,4,6-trimethylbenzylamino)phenyl]-S-methyl-S-phenyl 
sulfoximine (47c)....................................................................................................... 135 
7.9.2.10 (S)-N-[4-Methyl-2-nitrophenyl]-S-methyl-S-phenylsulfoximine (56d) ........ 136 
7.9.2.11 (S)-N-[2-Amino-4-methylphenyl]-S-methyl-S-phenylsulfoximine (57d) ..... 137 
7.9.2.12 (S)-N-[4-Methyl-2-(2,4,6-trimethylbenzylamino)phenyl]-S-methyl-S-phenyl 
sulfoximine (47d) ...................................................................................................... 138 
7.9.2.13 (S)-N-[3-Methyl-2-nitrophenyl]-S-methyl-S-phenylsulfoximine (56e) ........ 139 
7.9.2.14 (S)-N-[2-Amino-3-methylphenyl]-S-methyl-S-phenylsulfoximine (57e) ..... 139 
7.9.2.15 (S)-N-[3-Methyl-2-(2,4,6-trimethylbenzylamino)phenyl]-S-methyl-S-phenyl 
sulfoximine (47e)....................................................................................................... 140 
7.9.2.16 Bromo-4,5-dimethyl-2-nitrobenzene (54e).................................................. 141 
7.9.2.17 (S)-N-[4,5-Dimethyl-2-nitrophenyl]-S-methyl-S-phenylsulfoximine (56f)... 142 
7.9.2.18 (S)-N-[2-Amino-4,5-dimethylphenyl]-S-methyl-S-phenylsulfoximine (57f) 143 
7.9.2.19 (S)-N-[4,5-Dimethyl-2-(2,4,6-trimethylbenzylamino)phenyl]-S-methyl-S-
phenylsulfoximine (47f)............................................................................................. 143 
7.9.2.20 N-(2-bromo-phenyl)-acetamide .................................................................. 144 
7.9.2.21 Synthesis of N-(2-bromo-4-nitrophenyl)-acetamide (62a) and N-(2-bromo-6-
nitro-phenyl)-acetamide (62b) ................................................................................... 145 
7.9.2.22 (S)-N-(2-Acetylamino-3-nitrophenyl)-S-methyl-S-phenylsulfoximine (31a)146 
7.9.2.23 (S)-N-(2-Acetylamino-5-nitrophenyl)-S-methyl-S-phenylsulfoximine (31b)147 
7.9.2.24 (S)-N-(2-Amino-5-nitrophenyl)-S-methyl-S-phenylsulfoximine (63b) ........ 148 
7.9.2.25 (S)-N-(2-Bromo-5-nitrophenyl)-2,4,6-trimethyl-benzamide (65)................. 148 
7.9.2.26 (S)-N-[4-Nitro-2-(2,4,6-trimethylbenzamido)phenyl]-S-methyl-S-phenyl 
sulfoximine (66) ........................................................................................................ 149 
7.9.3 Phenyl-bridged aminosulfoximines with modifications on the sulfoximine 
substituents.................................................................................................................... 150 
 7.9.3.1 (S)-N-(2-Nitrophenyl)-S-tert-butyl-S-phenylsulfoximine (68) ..................... 150 
7.9.3.2 (S)-N-(2-Nitrophenyl)-S-methyl-S-p-morpholinophenylsulfoximine (69).... 151 
7.9.3.3 (S)-N-(2-Nitrophenyl)-S-methyl-S-p-phenylphenylsulfoximine (70) ........... 151 
7.9.4 Naphthalene-bridged Sulfoximines................................................................. 152 
7.9.4.1 (S,S)-N,N'-(1,8-Bis-naphthyl)-S-methyl-S-phenylsulfoximine (33) ............. 152 
7.9.4.2 (S,S)-N,N'-(1,8-Bis-naphthyl)-S-methyl-S-phenylsulfoximinium triflate (84) ....
 ................................................................................................................... 153 
7.9.4.3 N-(8-Bromo-naphthyl)-2,4,6-trimethylbenzamide (73) ............................... 154 
7.9.4.4 (S)-N-[8-(2,4,6-trimethylbenzamido)naphthyl]-S-methyl-S-phenylsulfoximine 
(74) ................................................................................................................... 155 
7.9.4.5 (S)-N-(8-Bromonaphthyl)-S-methyl-S-phenylsulfoximine (76a) ................. 155 
7.9.4.6 (S)-N-(8-Iodonaphthyl)-S-methyl-S-phenylsulfoximine (76b)..................... 156 
7.9.4.7 1-(Diphenyl-phosphanoyl)-8-iodo-naphthalene (77b) ................................. 157 
7.9.4.8 (S)-N-[8-(Diphenyl-phosphanoyl)naphthyl]-S-methyl-S-phenylsulfoximine 
(78) ................................................................................................................... 158 
7.9.4.9 (S)-N-[8-(Diphenyl-phosphanoyl)naphthyl]-S-methyl-S-phenylsulfoximine 
(34) ................................................................................................................... 159 
7.9.5 Indole-bridged Sulfoximines .......................................................................... 160 
7.9.5.1 7-Bromo-indole-1-carboxylic acid tert-butyl ester (86)............................... 160 
7.9.5.2 7-[(S)-N-S-methyl-S-phenylsulfoximinyl]-indole-1-carboxylic acid tert-butyl 
ester (32) ................................................................................................................... 160 
7.9.5.3 7-[(S)-N-S-methyl-S-phenylsulfoximinyl)-indole (87)................................. 161 
7.9.5.4 (1-diphenyl-phosphano-7-[(S)-N-S-methyl-S-phenylsulfoximinyl])-indole (88)
 ................................................................................................................... 162 
7.9.6 Paracyclophane-bridged Sulfoximines............................................................ 163 
7.9.6.1 4-bromo-12-[(S)-N-S-methyl-S-phenylsulfoximinyl]-[2.2]paracyclophane (96)
 ................................................................................................................... 163 
7.10 Application in catalysis .......................................................................................... 164 
7.10.1 Mukaiyama-Aldol reaction............................................................................. 164 
7.10.1.1 (-)-(R)-Methyl 2-hydroxy-2-methyl-4-oxo-4-phenyl butanoate (114a)........ 164 
7.10.2 Vinylogous Mukaiyama-Aldol reaction.......................................................... 165 
7.10.2.1 (S)-3-(2,2-Dimethyl-6-oxo-6H-[1,3]dioxin-4-yl)-2-hydroxy-2-methyl-
propionic acid methyl ester (123a)............................................................................. 165 
 7.10.2.2 (R)-E-5-Hydroxy-5-methyl-hex-2-enedioic acid 1-tert-butyl ester 6-methyl 
ester (131a)................................................................................................................ 166 
7.10.2.3 Determination of the absolute configuration of (131a)................................ 166 
7.10.2.4 E-5-Hydroxy-5-methyl-hex-2-enedioic acid 6-benzyl ester 1-tert-butyl ester 
(131b) ................................................................................................................... 167 
7.10.2.5 E-5-Hydroxy-5-methyl-hex-2-enedioic acid 1-tert-butyl ester 6-isopropyl ester 
(131c) ................................................................................................................... 168 
7.10.2.6 E-5-Hydroxy-5-methyl-hex-2-enedioic acid 1-tert-butyl ester 6-ethyl ester 
(131d) ................................................................................................................... 169 
7.10.2.7 (S)-E-5-Hydroxy-5-phenethyl-hex-2-enedioic acid 1-tert-butyl ester 6-ethyl 
ester (131e)................................................................................................................ 170 
7.10.2.8 (S)-E-5-Hydroxy-5-(4-nitro-phenyl)-hex-2-enedioic acid 1-tert-butyl ester 6-
ethyl ester (131f)........................................................................................................ 171 
7.10.2.9 (S)-E-5-Hydroxy-5-isopropyl-hex-2-enedioic acid 1-tert-butyl ester 6-ethyl 
ester (131h) ............................................................................................................... 172 
7.10.2.10 E-5-Hydroxy-5-phenyl-hex-2-enedioic acid 1-tert-butyl ester 6-methyl ester 
(131i) ................................................................................................................... 173 
7.10.2.11 E-5-Hydroxy-5-phenyl-hex-2-enedioic acid 1-tert-butyl ester 6-ethyl ester 
(131j) ................................................................................................................... 173 
7.10.2.12 E-5-Hydroxy-hex-2-enedioic acid 1-tert-butyl ester 6-ethyl ester (133) ...... 174 
7.10.2.13 E-5-Hydroxy-5-methyl-hex-2-enedioic acid 1-ethyl ester 6-methyl ester (135).
 ................................................................................................................... 175 
7.10.2.14 (R)-E-5-Hydroxy-5-methyl-6-oxo-hept-2-enoic acid ethyl ester (139) ........ 176 
7.10.2.15 (4-Methoxy-phenylimino)-acetic acid ethyl ester (140)............................... 176 
7.10.2.16 5-(4-Methoxy-phenylamino)-hex-2-enedioic acid diethyl ester (141).......... 177 
7.10.3 Carbonyl-ene reaction .................................................................................... 178 
7.10.3.1 (R)-3-Cyclopent-1-enyl-2-hydroxy-2-methyl-propionic acid methyl ester 
(147a) ................................................................................................................... 178 
7.10.3.2 (R)-2-Hydroxy-2-methyl-4-phenyl-pent-4-enoic acid methyl ester (153a) .. 179 
7.10.4 Diels-Alder reaction ....................................................................................... 180 
7.10.4.1 3-(Bicyclo[2.2.1]hept-5-ene-2-carbonyl)-oxazolidin-2-one (165)................ 180 
8. Abbreviations ................................................................................................................ 181
 
Sulfoximines 
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1. Sulfoximines 
 
1.1 Historical introduction and properties of sulfoximines 
 
The first sulfoximine,1 although official IUPAC nomenclature defines this class of compounds 
as sulfoximide,2 was discovered at the end of the 1940s.3 Bentley and Whitehead reported the 
formation of a toxic side product observed when wheats were treated with "Agene" (NCl3). 
Comparably to the reaction with dimethylsulfoxide (1a), the methionine sulfoxide 1b (Scheme 
1, R = CH2CH2CH(NH2)COOH) reacted with HN3 to give compounds 2 in moderate yields. 
Further investigations proved that the order of dosage therefore generated was sufficient and 
responsible for the disease called canine hysteria, infecting animals such as dogs or rabbits.  
 
S O
Me
R
HN3+
S
R NH
Me O N2+
1 2
1a: R = Me
1b: R = CH2CH2CH(NH2)COOH
2a: R = Me
2b: R = CH2CH2CH(NH2)COOH 
 
Scheme 1. Formation of the firstly discovered sulfoximine. 
 
As Bentley and Whitehead immediately recognized, "in such a molecule there is clearly the 
possibility that the sulphur atom is asymmetric".3c Therefore, it was not surprising that 
sulfoximines found numerous applications as chiral auxiliaries for asymmetric synthesis,4 
                                               
1 Reviews: a) C. R. Johnson, Acc. Chem. Res. 1973, 6, 341. b) C. R. Johnson in Comprehensive Organic Chemistry, 
D. Barton, W. D. Ollis, Eds.; Pergamon Press, Oxford, 1979, 3, 223. c) C. R. Johnson, Aldrichim. Acta 1985, 18, 3.  
d) C. R. Johnson, M. R. Barachyn, N. A. Meanwell, C. J. Stark, Jr.; J. R. Zeller, Phosphorus Sulfur 1985, 24, 151. 
e) S. L. Huang, D. Swern, Phosphorus Sulfur 1976, 1, 309. f) S. G. Pyne, Sulfur Rep. 1992, 12, 57. g) M. Reggelin, 
C. Zur, Synthesis 2000, 1. 
2 Commission on the Nomenclature of Organic Chemistry, Pure Appl. Chem. 1965, 11, 158. 
3 a) E. Mellanby, Br. Med. J. 1946, 2, 885. b) E. Mellanby, Br. Med. J. 1947, 3, 288. c) H. R. Bentley, E. E. 
McDermott, J. Pace, J. K. Whitehead, T. Moran, Nature 1949, 163, 675. d) H. R. Bentley, E. E. McDermott, J. 
Pace, J. K. Whitehead, T. Moran, Nature 1950, 165, 150. e) H. R. Bentley, E. E. McDermott, J. Pace, J. K. 
Whitehead, Nature 1950, 165, 735. 
4 a) S. G. Pyne, Z. Dong, B. W. Skelton, A. H. White, J. Org. Chem. 1997, 62, 2337. b) M. Reggelin, T. Heinrich, 
Angew. Chem. Int. Ed. 1998, 37, 2883. c) S. Bosshammer, H.-J. Gais, Synthesis 1998, 919. d) L. A. Paquette, Z. 
Gao, Z. Ni, G. F. Smith, J. Am. Chem. Soc. 1998, 120, 2543. e) M. Harmata, M. Kahraman, D. E. Jones, N. Pavri, 
S. E. Weatherwax, Tetrahedron 1998, 54, 9995. f) M. Harmata, N. Pavri, Angew. Chem., Int. Ed. 1999, 38, 2419. 
g) C. Bolm, K. Muñiz, N. Aguilar, M. Kesselgruber, G. Raabe, Synthesis 1999, 1251. h) C. Bolm, M. 
Kesselgruber, K. Muñiz, G. Raabe, Organometallics 2000, 19, 1648. i) R. R. Reddy, H.-J. Gais, C.-W. Woo, G. 
Raabe, J. Am. Chem. Soc. 2002, 124, 10427. 
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ligands for enantioselective metal catalysis,5 or building blocks in bioactive molecules6 and 
pseudopeptides.7  
 
Due to the characteristic properties of sulfoximines, as illustrated in Figure 1, a wide range of 
compounds is accessible. Functionalization can be realized by deprotonation of one of the two 
acidic protons, either at the α-position next to the sulfur atom (pKa = 32 for R1 = H, R2 = Ph, R3 
= Me), or at the nitrogen atom (pKa = 24), followed by the reaction with an electrophile.  
 
S N
O
R2
acidic protons
basic and
nucleophilic
stereogenic center
H(R3)R
1H2C
 
 
Figure 1. General properties of sulfoximines. 
 
 
Due to the basic and nucleophilic properties of the nitrogen atom, sulfoximines can easily 
coordinate to a metal and as such, have been applied as ligands in enantioselective catalysis.  
Very interesting from a synthetic point of view, is the stability of the potential stereogenic 
sulfur centre to oxidative, reductive and also thermal conditions. Therefore no special careful 
manipulations are needed.  
Moreover, it is worthy of note that the whole sulfoximine unit is electron-withdrawing.  
 
 
                                               
5 Reviews: a) M. Harmata, Chemtracts 2003, 16, 660. b) H. Okamura, C. Bolm, Chem. Lett. 2004, 33, 482.  
6 a) W. L. Mock, J.-T. Tsay, Synth. Commun. 1988, 18, 769. b) W. L. Mock, J.-T. Tsay, J. Am. Chem. Soc. 1989, 
111, 4467. c) W. L. Mock, J. Z. Zhang, C. Z. Ni, J. Clardy, J. Org. Chem. 1990, 55, 5791. d) W. L. Mock, J. Z. 
Zhang, J. Biol. Chem. 1991, 266, 6393. e) P. J. Harvision, T. I. Kalman, J. Med. Chem. 1992, 35, 1227. f) O. 
Fodstad, S. Aamdal, A. Phil, M. R. Boyd, Cancer Res. 1985, 45, 1778. g) T. Kuroda, K. Hismura, I. Matsukuma, 
H. Nishikawa, M. Morimoto, T. Ashizawa, N. Nakamiza, Y. Otsuji, J. Heterocycl. Chem. 1992, 29, 113. h) I. A. 
McDonald, P.L. Nyce, G. S. Ku, T. L. Bowlin, Bioorg. Med. Chem. Lett. 1993, 3, 1717. i) M. R. Muarizi, H. B. 
Pinkofsky, P. J. McFarland, A. Ginsburg, Arch. Biochem. Biophys. 1986, 246, 494. j) R. E. Dolle, D. McNair, 
Tetrahedron Lett. 1993, 34, 133. k) H. Kiwanishi, H. Morimoto, T. Nakano, T. Wanabe, K. Oda, K. Tsujihara, 
Heterocycles 1998, 49, 181. l) H. Kiwanishi, H. Morimoto, T. Nakano, T. Miyajima, K. Oda, K. Takeda, S. Yano, 
N. Hirano, K. Tsujihara, Heterocycles 1998, 49, 169. 
7 a) C. Bolm, J. D. Kahmann, G. Moll, Tetrahedron Lett. 1997, 38, 1169. b) C. Bolm, J. D. Kahmann, G. Moll, 
Chem. Eur. J. 2001, 7, 118. c) C. Bolm, D. Müller, C. P. R. Hackenberger, Org. Lett. 2002, 4, 893. d) C. Bolm, D. 
Müller, C. Dalhoff, C. P. R. Hackenberger, E. Weinhold, Bioorg. Med. Chem. Lett. 2003, 13, 3207. 
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1.2 Preparation of sulfoximines 
 
Many strategies can be envisioned for the formation of sulfoximines. One way is based on the 
oxidation of sulfilimines 5 (Scheme 2, Path A), which are accessible either by oxidative 
imination of sulfides 3, or by imination of sulfoxides 4. Worthy of note is that chiral 
sulfilimines 5 can be obtained by the use of optically active sulfoxides 4 and iminating reagents 
such as bis-(N-tosyl)-sulfurdiimide, N-sulfinyl-p-toluene sulfonamide or aryl sulfonamides in 
the presence of P2O5/NEt3.8 Subsequent oxidation of sulfilimines 5 with standard agents such as 
KMnO4, mCPBA, H2O2 and also dioxiranes,9 allows the formation of sulfoximines 6 with 
retention of the configuration at the sulfur atom. 
 
S NR3
O
R1
R2
R1
S
R2
R1
S
R2
O
R1
S
R2
NR3
oxidation
imination
oxidative 
imination oxidation
oxidative 
imination
Path A
Path B
3
4
5
6: R3 = H  
7: R3 = H
 
 
Scheme 2. Different routes to generate sulfoximines. 
 
Another common way is based on the oxidative imination of sulfoxides 4 (Path B). Probably the 
oldest procedure, but still often used, is the use of hydrazoic acid (HN3), generated in situ by 
reaction of NaN3 with H2SO4.10 Since this reaction leads to racemization of enantiopure 
substrates, only racemic sulfoximines are formed. Furthermore, the use of hydrazoic acid is 
known to be hazardous. Nevertheless, this is the method of choice for the preparation of the 
most commonly used S-methyl-S-phenylsulfoximine rac-(6a). The resolution of (S)-6a and (R)-
6a was first carried out by Fusco in 1965,11 using (+)-10-camphorsulfonic acid (CSA) and 
                                               
8 a) F. G. Yamagishi, D. R. Rayner, E. T. Zwicker, D. J. Cram, J. Am. Chem. Soc. 1973, 95, 1916. b) M. A. Sabol, 
R. W. Davenport, K. K. Andersen, Tetrahedron Lett. 1968, 9, 2159. 
9 N. Gaggero, L. D'Accolti, S. Colonna, R. Curci, Tetrahedron Lett. 1997, 38, 5559. 
10 a) H. R. Bentley, J. K. Whitehead, J. Chem. Soc. 1952, 1572. b) C. R. Johnson, M. Haake, C. W. Schroeck, J. 
Am. Chem. Soc. 1970, 92, 6594. c) P. Stoss, G. Satzinger, Angew. Chem., Int. Ed. Engl. 1971, 10, 76. d) R. H. 
Rynbrandt, D. P. Balgoyen, J. Org. Chem. 1978, 43, 1824. 
11 R. Fusco, F. Tericoni, Chim. Ind. (Milan) 1965, 47, 61. 
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found later several improvements. In this context, Gais reported in 1997 an improved protocol 
based on the method of half-quantities (Scheme 3).12 In contrast to the method that used 1 eq. of 
(+)-CSA and where diastereomeric salt (+)-6a/(+)-CSA was separated from (–)-6a/(+)-CSA, 
here, diastereomeric salt (+)-6a/(+)-CSA was separated from (–)-6a. Subsequent basic treatment 
of (+)-6a/(+)-CSA gave the sulfoximine (+)-6a in 80% yield with 99% ee. In order to isolate   
(–)-6a, the filtrate can be treated with an additional 0.1 eq. of (+)-CSA. Evaporation of the 
solvent and recrystallization provided the salt (–)-6a/(+)-CSA, and the sulfoximine (–)-6a can 
be obtained in 74% yield with 97 – 99% ee. A major advantage is that this procedure can be 
scaled up to multigrams. 
Ph
S
Me
H2O2
AcOH
Ph
S
Me
O
NaN3
H2SO4
S NH
O
Ph
Me
rac-4a
1) (+)-CSA (0.5 eq.) 
2) NaOH S NH
O
Ph
Me
S NH
O
Ph
Me
3a rac-6a
(S)-6a
80%, 99% ee
(R)-6a
74%, 99% ee  
Scheme 3. Resolution of (S)-6a and (R)-6a described by Gais.12 
 
Alternatively, oxidative imination of sulfoxides 4 with retention of configuration can be 
performed by the use of N-tert-butoxycarbonylazide (Boc-N3),13 tosylazide (TsN3),14 O-
mesitylene sulfonyl hydroxylamine (MSH),15 or finally N-tosylimino phenyl iodinane 
(PhI=NTs) in combination with a catalytic amount of Cu,16 Fe,13 Mn,17 or Ru18 salts. In order to 
improve the accessibility of sulfoximines, Bolm and co-workers studied further iminations and 
                                               
12 J. Brandt, H.-J. Gais, Tetrahedron: Asymmetry 1997, 8, 909. 
13 a) T. Bach, C. Körber, Tetrahedron Lett. 1998, 39, 5015. b) T. Bach, C. Körber, Eur. J. Org. Chem. 1999, 1033. 
14 a) H. Kwart, A. A. Kahn, J. Am. Chem. Soc. 1967, 89, 1950. b) R. Tanaka, K. Yamabe, J. Chem. Soc., Chem. 
Commun. 1983, 329. c) C. R. Johnson, C. W. Schroeck, J. Am. Chem. Soc. 1973, 95, 7418. d) R. S. Glass, K. 
Reineke, M. Shanklin, J. Org. Chem. 1984, 49, 1527. e) L. Horner, A. Christmann, Chem. Ber. 1963, 96, 388. f) P. 
Svornos, V. Horak, Synthesis 1979, 596. 
15 a) Y. Tamura, J. Minamikawa, K. Sumoto, S. Fujii, M. Ikeda, J. Org. Chem. 1973, 38, 1239. b) C. R. Johnson, R. 
A. Kirchhoff, H. G. Corkins, J. Org. Chem. 1974, 39, 2458. c) Y. Tamura, H. Matushima, J. Minamikawa, M. 
Ikeda, K. Sumoto, Tetrahedron 1975, 31, 3035. d) M. Fieser, L. F. Fieser, Reagents for Organic Synthesis, Vol. 5, 
John-Wiley & Sons, New York, 1975, 430. 
16 a) J. F. K. Müller, P. Vogt, Tetrahedron Lett. 1998, 39, 4805. b) E. Lacôte, M. Amatore, L. Fensterbank, M. 
Malacria, Synlett 2002, 116. c) S. Cren, T. C. Kinahan, C. L. Skinner, H. Tye, Tetrahedron Lett. 2002, 43, 2749. d) 
C. S. Tomooka, E. M. Carreira, Helv. Chim. Acta 2002, 85, 3773. e) H. Takada, K. Ohe, S. Uemura, Angew. Chem., 
Int. Ed. 1999, 38, 1288.  
17 a) H. Nishikori, C. Ohta, E. Oberlin, R. Irie, T. Katsuki, Tetrahedron 1999, 55, 13937. b) C. Ohta, T. Katsuki, 
Tetrahedron Lett. 2001, 42, 3885.  
18 a) M. Murakami, T. Uchida, T. Katsuki, Tetrahedron Lett. 2001, 42, 7071. b) Y. Tamura, T. Uchida, T. Katsuki, 
Tetrahedron Lett. 2003, 44, 3301. c) M. Murakami, T. Uchida, B. Saito, T. Katsuki, Chirality 2003, 15, 116. d) T. 
Uchida, Y. Tamura, M. Ohba, T. Katsuki, Tetrahedron Lett. 2003, 44, 7965. 
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reported first the use of PhI=NTs in Cu-catalyzed sulfoxide iminations.4g Later on, Okamura 
and Bolm described the Rh(II)-catalyzed imination of sulfoxides and sulfides (Scheme 4).19 In 
this context, the use of [Rh2(OAc)4] as catalyst, trifluoroacetamides or sulfonylamides in 
combination with iodobenzene diacetate and magnesium oxide, afforded sulfoximines and 
sulfilimines respectively. Despite the high cost of the Rh catalyst, three important advantages of 
this procedure are worth to be pointed out. Firstly, iodobenzene diacetate is a safe iminating 
agent, secondly, the reaction occurs at room temperature and thirdly, the transformation affords 
products bearing "free" NH-imino groups. This is remarkable, since one of the limitations of 
most other methods stems from the fact that N-substituted compounds are formed and usually 
difficult to convert into the "free" NH-products. 
 
R1
S
R2
O
1) [Rh2(OAc)4] (2.5 mol%)
    CF3CONH2, MgO, 
    PhI(OAc)2, r.t.
S NH
O
R1
R2
*
4 6
66 - 88%
2) K2CO3, MeOH
 
Scheme 4. Rh(II)-catalyzed imination of sulfoxides described by Okamura and Bolm.19 
 
 
In addition, the Ag(I)-catalyzed imination of sulfoxides was reported.20 The combination of 
simple silver nitrate and 4,4',4''-t-butyltpy provided protected sulfoximines in good yields 
ranging from 79% to 98%. Interestingly, it was noticed during the optimization of the reaction, 
that the reaction procceded also well in the absence of the metal under reflux conditions.21 
 
R1
S
R2
O
AgNO3, 4,4',4''-t-Bu3tpy
    R3-NH2, PhI(OAc)2 S N
O
R1
R2
* R3
R3 = Ns, Ts, SES
4 7
79 - 98%
 
 
Scheme 5. Ag(I)-catalyzed imination of sulfoxides described by Cho and Bolm.20,  21 
 
                                               
19 H. Okamura, C. Bolm, Org. Lett. 2004, 6, 1305. 
20 G. Y. Cho, C. Bolm, Org. Lett. 2005, 7, 4983. 
21 G. Y. Cho, C. Bolm, Tetrahedron Lett. 2005, 46, 8007. 
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Very recently, another alternative for this transformation catalyzed by Fe(III) in combination 
with iodosylbenzene was also reported (Scheme 6).22 
 
R1
S
R2
O
Fe(acac)3
R3-NH2, PhI=O
S N
O
R1
R2
* R3
R3 = Ns, Ts, SES,
 p-methyl-2-pyridinylsulfonyl,
2-benzothiazolesulfonyl
4 7
72 - 96%
 
 
Scheme 6. Fe(III)-catalyzed imination of sulfoxides described by Garcia and Bolm.22 
 
 
Moreover, an electrochemical method for oxidative imination can be applied to chiral 
sulfoxides, as reported by Yudin.23 As shown in Scheme 7, sulfoxides 4 were oxidized on a Pt-
anode to generate stereospecifically N-amino-phthalimide 8. Subsequent cleavage of the N–N 
bond afforded "free" NH-sulfoximines 6 in good yields. 
 
R1
S
R2
O
N
O
O
H2N
N
O
O
N
S
O
R1 R2
S NH
O
R1
R2
Pt-anode Pt-cathode
4 8 6
52 - 83%  
 
Scheme 7. Electrochemical imination of sulfoxides using N-amino-phthalimide described by Siu and Yudin.23 
 
 
The oxidative imination of sulfoxides 4, indicated as Path B in Scheme 2 is much more valuable 
when the oxidation as first step is performed in a stereospecific manner. A number of methods 
have proved to be effective for this transformation and only some examples are described here. 
                                               
22 O. Garcia Mancheño, C. Bolm, Org. Lett. 2006, 8, 2349. 
23 T. Siu, A. K. Yudin, Org. Lett. 2002, 4, 1839. 
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For instance, the preparation of (S)-S-(ortho-methoxy)-phenyl-S-methyl sulfoximine (6b)24 in a 
three-step sequence was reported by the use of Kagan's procedure,25 as shown in Scheme 8. 
Thus, the sulfide 3b can be enantioselectively oxidized into the sulfoxide (S)-4b by the use of 
cumyl hydroperoxide as an oxidant in the presence of (+)-diethyltartrate and Ti(Oi-Pr)4.  
 
OMe OMe
SMe
S
O
OMe
S
O
NHMe
Me
OMe
1) n-BuLi
    TMEDA
2) Me2S2
1) Ti(Oi-Pr)4
    (+)-DET
2) H2O, CHP MSH
9 3b (S)-4b (S)-6b
87%79% 70%, 84% ee  
 
Scheme 8. Formation of (S)-6b by enantioselective oxidation described by Müller and Bolm.24 
 
 
Next, a procedure using tert-butyl hydroperoxide and the combination of Ti(Oi-Pr)4 and (R)-
BINOL was reported by Uemura.26  
Emanating from Bolm's laboratories, the same transformation was described to take place by 
means of hydrogen peroxide in the presence of VO(acac)2 and the Schiff-base 10 (Scheme 9). 
Sulfoxides were obtained in good yields with enantioselectivities of up to 85%.27 It was then 
discovered that this oxidation step proceeded by the use of a Fe(III) salt as well. As such, the 
enantioselective oxidation of aryl alkyl sulfides with hydrogen peroxide, Fe(acac)3, Schiff-base 
11, in the presence of lithium-4-methoxybenzoate as an additive was reported.28 Under these 
conditions, enantioselectivities of up to 96% ee were attained. 
 
                                               
24 a) C. Bolm, D. Kaufmann, M. Zehnder, M. Neuburger, Tetrahedron Lett. 1996, 37, 3985. b) C. Bolm, P. 
Mueller, K. Harms, Acta Chem. Scand. 1996, 50, 305. 
25 a) P. Pitchen, E. Dunach, M. D. Deshmukh, H. B. Kagan, J. Am. Chem. Soc. 1984, 106, 8188. b) H. B. Kagan, F. 
Rebiere, Synlett 1990, 643. c) J.-M. Brunel, P. Diter, M. Duetsch, H. B. Kagan, J. Org. Chem. 1995, 60, 8086. 
26 N. Komatsu, Y. Nishibayashi, T. Sugita, S. Uemura, Tetrahedron Lett. 1992, 33, 5391. 
27 a) C. Bolm, F. Bienewald, Angew. Chem., Int. Ed. Engl. 1995, 34, 2640. b) C. Bolm, G. Schlingloff, F. 
Bienewald, J. Mol. Catal. A: Chem. 1997, 117, 347. c) C. Bolm, F. Bienewald, Synlett 1998, 1327. 
28 a) J. Legros, C. Bolm, Angew. Chem., Int. Ed. 2003, 42, 5487. b) J. Legros, C. Bolm, Angew. Chem., Int. Ed. 
2004, 43, 4225. c) J. Legros, C. Bolm, Chem. Eur. J. 2005, 11, 1086. 
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R1
S
R2
VO(acac)2,
H2O2, CH2Cl2 R
1 S
O
R2
X
OH N
HO
X = NO2, t-Bu
Ar
S
Alk
Fe(acac)3
additive
H2O2, CH2Cl2 Ar
S
O
Alk
I
I
OH N
HO
27 - 85 % yield 
up to 85% ee
21 - 78 % yield 
up to 96% ee
10 11
 
 
Scheme 9. Enantioselective metal-catalyzed sulfide oxidations with aqueous hydrogen peroxide.27, 28 
 
 
Another route to access enantiopure sulfoxides is the stereospecific substitution of chiral 
sulfinates with an organometallic reagent.29 Hence, for example, Andersen described the 
reaction between menthylsulfinate and Grignard reagents.29b,c As shown in Scheme 10, the 
menthylsulfinate 14 was prepared from para-toluenesulfinyl chloride (12) and (–)-menthol (13) 
in the presence of pyridine. Then, reaction with a Grignard reagent promoted the 
stereocontrolled displacement of the menthoxide ion, affording the corresponding sulfoxides. 
 
S
Cl
O
HO
+ S
O
O S
O
R
RMgXpyridine
12 13 14 4
4c: R = o-OMe-Ph; 69%
 
 
Scheme 10. Grignard-promoted stereospecific substitution of (–)-menthol as described by Andersen.29a,b 
 
                                               
29 a) K. K. Andersen, Tetrahedron Lett. 1962, 3, 93. b) K. K. Andersen, J. Org. Chem. 1964, 29, 1953. c) K. K. 
Andersen, W. Gaffield, N. E. Papanikolaou, J. W. Foley, R. I. Perkins, J. Am. Chem. Soc. 1964, 86, 5637. d) G. 
Solladié, J. Hutt, A. Girardin, Synthesis 1987, 173. e) B. Z. Lu, F. Jin, Y. Zhang, X. Wu, S. A. Wald, C. H. 
Senanayake, Org. Lett. 2005, 7, 1465. 
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Alcudia published an alternative method, applying the commercial (–)-O,O'-diacetone-D-
glucose 15 (DAG) as chiral auxiliary (Scheme 11).30 Interestingly, it was shown that the choice 
of the base plays a crucial role in the enantioselectivity. Thus, the use of aromatic bases such as 
pyridine afforded the formation of one epimer, whereas the use of the Hünig's base provided the 
other one. This method is therefore a convenient way to access both enantiomers of sulfoxide 
4d.  
Me
S
Cl
O
O
O
O
OHO toluene
+
O
O
O
O
OOSMe
O
Ar
S
O
Me
ArMgX
15 16 4d
i-Pr2NEt
69 - 85%
O
 
 
Scheme 11. Grignard-promoted stereospecific substitution of DAG described by Alcudia.29 
 
 
Finally, Naso published a method particularly efficient for the preparation of dialkyl sulfoxides 
4 (Scheme 12, R1 and R2 = Alk).31 The procedure consists of an enantioselective oxidation and 
two subsequent stereoselective nucleophilic substitutions with Grignard reagents. As shown in 
Scheme 12, this approach affords the corresponding sulfoxides in good yields with high 
enantiomeric purity. 
 
Ar
S
Alk
enantioselective 
oxidation
Ar
S
O
Alk S
O
Ar
R1
R2
S
O
R1
R1MgX R2MgX
up to 98% ee
53 - 91%
 
 
Scheme 12. Access to dialkylsulfoxides by double substitution with Grignard reagents described by Naso.31 
 
 
                                               
30 a) I. Fernández, J. M. Llera, F. Alcudia, Tetrahedron Lett. 1991, 32, 7299. b) I. Fernández, N. Khiar, J. M. Llera, 
F. Alcudia, J. Org. Chem. 1992, 57, 6789. c) V. Guerrero de la Rosa, M. Ordonez, J. M. Llera, F. Alcudia, 
Synthesis 1995, 761. 
31 a) M. A. M. Capozzi, C. Cardellicchio, G. Franchiolla, F. Naso, P. Tortorella, J. Am. Chem. Soc. 1999, 121, 
4708. b) M. A. M. Capozzi, C. Cardellicchio, F. Naso, P. Tortorella, J. Org. Chem. 2000, 65, 2843. c) M. A. M. 
Capozzi, C. Cardellicchio, F. Naso, V. Rosito, J. Org. Chem. 2002, 67, 7289. d) M. A. M. Capozzi, C. 
Cardellicchio, F. Naso, Eur. J. Org. Chem. 2004, 1855. 
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1.3 Functionalization of sulfoximines  
 
An interesting method to synthesize new sulfoximines is the transformation of readily available 
sulfoximines. As such, S-methyl-S-phenyl sulfoximine (6a) was found to be easy to 
functionalize, considering the acidity of the proton in α-position to the sulfur. Firstly, protection 
of the imino group by the use of HMDS, followed by deprotonation, then reaction with an alkyl 
halide, such as methyl iodide, and finally acidic work-up for the deprotection, afforded S-ethyl-
S-phenyl sulfoximine (6c). Repeating this deprotonation/alkylation process, allowed the 
formation of S-phenyl-S-iso-propyl sulfoximine (6d) and S-tert-butyl-S-phenyl sulfoximine 
(6e).32  
S
O
NHPh
Me
S
O
NPh
Me
TMS S
O
NHPh
Alk
HMDS
1) n-BuLi
2) MeI
3) H+
6c:  Alk = Et
6d: Alk = i-Pr
6e: Alk = t-Bu
6a 7a
 
Scheme 13. Transformation of (S)-6a to (S)-6c – e by deprotonation/alkylation sequence.32 
 
Using other electrophiles in the latter transformation provided various valuable sulfoximines.33 
For example, the preparation of β-hydroxysulfoximines 17, which have proved to be an efficient 
ligand for asymmetric metal catalysis (see Section 2), can be realized as follows: 
 
S
N
O
Ph
OH
R2
R3
R1
S
N
O
Ph
R1
Me
1) n-BuLi
2) O
R3R
27 17
17a: R2 = Ph, R3 = Et ; 88%  
 
Scheme 14. Formation of β-hydroxysulfoximines 17 described by Johnson.33b 
 
Moreover, the Pd-catalyzed α-arylation of N-benzoyl sulfoximine ethyl ester with various aryl 
bromides, was developed as shown in Scheme 15.34 In this transformation, N-benzoyl 
                                               
32 a) P. Müller, Marburg Dissertation Thesis 1996. b) J. F. K. Müller, M. Neuburger, M. Zehnder, Helv. Chim. Acta 
1997, 80, 2182. 
33 a) F. G. Bordwell, J. C. Branca, C. R. Johnson, N. R. Vanier, J. Org. Chem. 1980, 45, 3884. b) C. R. Johnson, C. 
J. Stark, Jr., J. Org. Chem. 1982, 47, 1193. c) K. J. Hwang, E. W. Logusch, L. H. Brannigan, M. R. Thompson, J. 
Org. Chem. 1987, 52, 3435. d) S. G. Pyne, B. Dikic, Tetrahedron Lett. 1990, 31, 5231.  
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sulfoximine ethyl ester 18 reacted with various aryl bromides 19, generating α-arylated products 
20. The latter can be easily hydrolyzed and thereby afford the corresponding N-protected benzyl 
phenyl sulfoximines. Subsequent deprotection with borane provided "free" NH-benzyl phenyl 
sulfoximines 21. Hence, this method proved to be a straightforward way to access a new class 
of sulfoximines.  
 
S
NBz
OR
O
O
Ph S
NBz
OR
O
O
Ph S
NH
O
Ph
18
+
Br
R
R
R
19
20
dioxane, reflux
1) hydrolysis
21
Pd(OAc)2
PCy3
NaOt-Bu
50 - 90%
2) BH3 THF
 
 
Scheme 15. Pd-catalyzed α-arylation of N-benzoyl sulfoximine ethyl ester 18 with aryl bromides 19 described by 
Cho and Bolm.34 
 
In addition, functionalization can also take place at the nitrogen atom of the sulfoximine moiety. 
In this context, S-methyl-S-phenyl sulfoximine (6a) was reported to react in an Clarke-
Eschweiler-type reaction with formic acid and formaldehyde to afford N-methylsulfoximine.35 
As an other example, the Michael-type reaction with α,β-unsaturated esters was also 
published.36 Furthermore, it was shown that acyl sulfoximines can be obtained by treatment 
with oxalylchloride, in the presence of a base. As such, C2-symmetric ethylene-bridged 
bissulfoximines 23 were accessible in two steps from S-methyl-S-phenyl sulfoximine (6a) as 
shown in Scheme 16.37  
 
S
O
NHAr
(COCl)2, NEt3,
DMAP
S
O
NAr
Alk
OO
N S
O
Alk
Ar
S
O
NAr
Alk
N S
O
Alk
Ar
BH3 THF
Alk
85 - 93% 65 - 69%
22 236
 
 
Scheme 16. Formation of C2-symmetric ethylene-bridged bissulfoximines 23.37 
 
                                                                                                                                                      
34 G. Y. Cho, C. Bolm, Org. Lett. 2005, 7, 1351. 
35 C. R. Johnson, C. W. Schroeck, J. R. Shanklin, J. Am. Chem. Soc. 1973, 95, 7424. 
36 C. R. Johnson, J. J. Rigan, M. Haake, D. McCants Jr., J. E. Keiser, A. Gertsma, Tetrahedron Lett. 1968, 9, 3719. 
37 a) H. C. Brown, P. Heim, J. Org. Chem. 1973, 38, 912. b) H. C. Brown, S. Narasimhan, Y. M. Choi, Synthesis 
1981,  441. c) H. C. Brown, Y. M. Choi, S. Narasimhan, J. Org. Chem. 1982, 47, 3153. d) M. Bonnat, A. Hercouet, 
M. Le Corre, Synth. Commun. 1991, 21, 1579.  
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Functionalization by unsaturated alkyl chain at both the α-position to sulfur and at the nitrogen 
atom was also effected, with the aim of preparing the compounds 24. Resulting doubly 
unsaturated sulfoximines 24 were then used as starting materials for ring-closing metathesis 
reaction (Scheme 17).38 
 
N
S
O
Ph
n
m
n  = 1 or 3 
m = 3 or 4
n
m
N
SPh
O
"2nd generation Grubbs"
Ru catalyst
toluene, reflux, 15 min
75 - 97%
24 25
 
 
Scheme 17. Doubly unsaturated sulfoximines 24 used as starting material in ring-closing metathesis reactions.38 
 
 
Also, the preparation of N-arylated sulfoximines has been reported. In 1998, a pioneering article 
describing a Pd-catalyzed C–N bond formation was published by our research group.39 This 
Buchwald-Hartwig-type reaction proved to be capable of coupling N-unsubstituted sulfoximines 
(S)-6 with aryl bromides and aryl iodides 26, albeit the use of additives was necessary in the 
latter case. Moreover, this process was then extended to aryl sulfonates. Among aryl triflates, 
nonaflates and tosylates, the coupling partner of choice proved to be aryl nonaflates, giving the 
N-arylated sulfoximines (S)-27 in high yields ranging from 76 to 97%. 
 
S
O
NHAr
Alk
Pd(OAc)2
rac-BINAP, Cs2CO3
toluene, 110 °C
2 d
+ S
O
NAr
AlkX
R
R
35 - 97%
26(S)-6 (S)-27
X = Br, I, OTf, ONf, OTs  
 
Scheme 18. Buchwald-Hartwig-type reaction between (S)-6 and aryl bromides, iodides or sulfonates 26.39 
 
 
                                               
38 C. Bolm, H. Villar, Synthesis 2005, 1421. 
39 a) C. Bolm, J. P. Hildebrand, Tetrahedron Lett. 1998, 39, 5731. b) C. Bolm, J. P. Hildebrand, J. Org. Chem. 
2000, 65, 169. c) C. Bolm, J. P. Hildebrand, J. Rudolph, Synthesis 2000, 911. d) C. Bolm, O. Simic, J. Am. Chem. 
Soc. 2001, 123, 3830. 
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To permit a disubstitution, the reaction conditions had to be changed, as shown in Scheme 19. 
The use of a stronger base in excess (4 eq.), the replacement of the Pd source, and a large excess 
of N-unsubstituted sulfoximine were required to obtain bissulfoximines 30.  
Pd(OAc)2
rac-BINAP, Cs2CO3
toluene, 110 °C
2 d
S
O
NHAr
Alk
Pd2(dba)3
rac-BINAP, NaOt-Bu
toluene, 110 °C
2 d
+
S
O
NAr
Alk
Br
R
Br
N S Alk
Ar
O
R
5 eq.
S
O
NAr
Alk
Br
R
29a: Ar = Ph, Alk = Me, R = H 
74%
30a: Ar = Ph, Alk = Me, R = H
75%
28(S)-6
(S)-29
(S,S)-30
 
 
Scheme 19. Pd-catalyzed N-arylation of sulfoximines (S)-6 with dibromobenzenes 28: monocoupling vs. 
dicoupling.37e 
 
Moreover, the Cu-mediated cross-coupling of N-unsubstituted sulfoximines and aryl halides, 
was also published (Scheme 20).40 
 
S
O
NHAr
Alk
+
S
O
NAr
AlkX
R RCuI, Cs2CO3 or CsOAc
48 - 95%
DMSO, 90 °C
12 h
X = Br, I
(S)-6 26 (S)-27
 
 
Scheme 20. Cu-mediated N-arylation of sulfoximines (S)-6 with aryl halides 26.40 
 
 
This ligand-free procedure was demonstrated to be a powerful complement to the Pd-catalysis, 
considering the low cost of the Cu salt, the shortened reaction time, and particularly because of 
the possibility to prepare new N-arylated sulfoximines which have not been previously 
accessible. As such, the preparation of sulfoximine-derived molecules 31, 32, 33 and 34 (Figure 
2), which represent some of the target molecules of the present work, was effected by the use of 
the Cu-mediated cross-coupling, while the Pd version was unsuccessful. 
                                               
40 G. Y. Cho, P. Rémy, J. Jansson, C. Moessner, C. Bolm, Org. Lett. 2004, 6, 3293. 
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NS
O
Ph
Me
R2
N
NSPh
Me
Boc
O
N NS
O
Me
Ph S
O
CH3
Ph
N PPh2S
O
Me
Ph
(S)-31 (S)-34(S)-32 (S,S)-33
HN
O
R1
 
 
Figure 2. New N-arylated sulfoximines accessible by Cu-mediated cross-coupling. 
 
The catalytic version of this Cu-mediated cross-coupling reaction has been reported as well.41 
Aryl iodides 26 reacted with (S)-S-methyl-S-phenyl sulfoximine (6a) using 10 mol% of CuI in 
combination with 20 mol% of DMEDA and in the presence of Cs2CO3, to afford N-arylated 
sulfoximines 27 in high yields (Scheme 21). 
S
O
NAr
AlkI
R
R
(S)-6,
CuI (10 mol%), 
DMEDA (20 mol%), 
Cs2CO3
86 - 99%
toluene, 110 °C
18 - 22 h26 (S)-27
 
 
Scheme 21. Cu-catalyzed N-arylation of sulfoximines (S)-6 with aryl iodides 26.40 
 
To effect the transformation with aryl bromides as partners, an aromatic Finkelstein reaction 
following Buchwald's protocol, where the iodide was substituted by a bromide was necessary 
(Scheme 22). As in the case of aryl iodides as partners, N-arylated sulfoximines 27 were 
obtained in high yields. 
S
O
NAr
AlkBr
R
R
82 - 97%
I
R
CuI (10 mol%), 
DMEDA (20 mol%), 
NaI, dioxane, 110 °C
(S)-6a,
Cs2CO3
26 (S)-27
 
Scheme 22. Buchwald's aromatic Finkelstein reaction for the Cu-catalyzed N-arylation of sulfoximines (S)-6 with 
aryl bromides 24.41 
                                               
41 J. Sedelmeier, C. Bolm, J. Org. Chem. 2005, 70, 6904. 
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Moreover, the N-arylation of sulfoximines with aryl chlorides 35 as partners have been 
described. Harmata reported a microwave-assisted N-arylation of S-methyl-S-phenyl 
sulfoximine (6a) with aryl chlorides (Scheme 23).42 This simple procedure for the rapid           
N-arylation of sulfoximine was shown to be also compatible with aryl triflates and can be used 
for the preparation of new aryl sulfoximine derivatives. 
X
X = C, N
R
Cl X
R
N
6, 
Pd(OAc)2 , 
rac-BINAP or t-Bu3P, 
Cs2CO3,
S
O
Alk
Ar
31 - 94%
200 W, 135 °C, 1.5 h
35 36
 
Scheme 23. Microwave-assisted N-arylation of 6 with aryl chlorides 35.42 
 
As a mild methodology for the formation of N-arylated sulfoximines 27, the Cu-catalyzed N-
arylation of sulfoximines with aryl boronic acids 37 was also reported. Products were obtained 
in high yields, without addition of a base or heating.43 
S
O
NAr
Alk(HO)2B
R
R6
Cu(OAc)2(0.1 eq.)
62 - 93%
MeOH, r.t.
12 h37 27
 
Scheme 24. Cu-catalyzed N-arylation of sulfoximines 6 with aryl boronic acids 37.43 
 
Finally, a vinyl moiety at the sulfoximine nitrogen could be introduced in excellent yields either 
by Pd-catalyzed coupling or Cu-catalyzed coupling between sulfoximines 6 and vinyl bromides 
38 as shown in Scheme 25. Reduction of the vinyl moiety by hydrogenation constitutes a new 
synthetic route to access N-alkyl sulfoximines.44 
S
O
NAr
AlkBr
R2
6, Pd(OAc)2
rac-BINAP
NaOt-Bu, 110 °C
90 - 98%
38 39
R3
R1
R2
R3
R1
or
CuI, DMEDA
K2CO3
toluene, 110 °C
 
Scheme 25. N-vinylation of sulfoximines by Pd- or Cu-catalyzed coupling reactions.44 
                                               
42 M. Harmata, X. Hong, S. K. Ghosh, Tetrahedron Lett. 2004, 45, 5233. 
43 C. Moessner, C. Bolm, Org. Lett. 2005, 7, 2667. 
44 a) J. R. Dehli, C. Bolm, J. Org. Chem. 2004, 69, 8518. b) J. R. Dehli, C. Bolm, Adv. Synth. Catal. 2005, 347, 
239. 
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2. Strategy for the design of ligands 
 
In the past two decades, the design of sulfoximine ligands has been rapidly modified and 
strongly varied. The first example of an enantioselective transformation catalyzed by a 
complex bearing sulfoximine ligand was described by Bolm and co-workers in 1992, and since 
then β-hydroxysulfoximines 17 (Figure 3) attracted much interest. As a starting point for the 
application of sulfoximines as ligands in enantioselective metal catalysis, the combination of 
nickel acetylacetonate and β-hydroxysulfoximines of type 17 proved to be effective for 
promoting the conjugate addition of diethylzinc to chalcones in good yields with 
enantioselectivities of up to 70% ee.45  
 
S
N
O
Ph
OH
R2
R2
OH
S
NH
Me
O
R1
(S)-17 (R)-6f (S)-40
NNS
O
Ph
R
 
 
Figure 3. 1st generation of C1-symmetric sulfoximines to be used as ligands in asymmetric catalysis. 
 
 
The application of this family of ligands was then extended to other transformations, such as 
the enantioselective reduction of ketones either with borane46a or with NaBH4/Me3SiCl,46b 
where a very high level of enantioselectivity was reached (up to 93% and 90% ee, 
respectively). The enantioselective borane reduction of ketimine derivatives was also reported, 
by using a catalytic amount of β-hydroxysulfoximines of type 17.47 Motivated by these results, 
investigations on the synthesis and application of other classes of ligands (6f and 40, Figure 3) 
were initiated. Delightfully, sulfoximine 6f in combination with Ti(Oi-Pr)4 was capable of 
mediating the enantioselective addition of trimethylsilylcyanide to aldehydes, affording 
cyanohydrins with up to 91% ee.48 Moreover, ligands of type 40 were applied in 
enantioselective Pd-catalyzed allylic alkylations, in which the products were obtained with 
moderate to good enantioselectivities (up to 73% ee).49 
                                                
45 C. Bolm, M. Felder, J. Müller, Synlett 1992, 439. 
46 a) C. Bolm, M. Felder, Tetrahedron Lett. 1993, 34, 6041. b) C. Bolm, A. Seger, M. Felder, Tetrahedron Lett. 
1993, 34, 8079. 
47 C. Bolm, M. Felder, Synlett 1994, 655. 
48 C. Bolm, P. Müller, Tetrahedron Lett. 1995, 36, 1625. 
49 C. Bolm, D. Kaufmann, M. Zehnder, M. Neuburger, Tetrahedron Lett. 1996, 37, 3985. 
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Sulfoximines of type 17, 6f and 40 are all C1-symmetric. However, in general, the class of C2-
symmetric ligands is also commonly developed. With the aim of expanding the applicability of 
the sulfoximine ligands, subsequent research focused on the design of C2-symmetric 
sulfoximines, assuming that they could induce enantioselectivity as well. Inspired by the 
structure of the chiral salen-type ligands 41, C2-symmetric compounds 23 and 30 (Figure 4) 
were prepared.  
 
NS
O
N S
O
NS
O
N S
O
R'
N N
OH HO
R' R'
R R
Alk Alk Alk Alk
R R RR
* *
* * * *
R = H, OH R = H, OH
41 23 30
salen
 
 
Figure 4. C2-symmetric salen-type sulfoximines as potential ligands. 
 
 
By applying such C2-symmetric bissulfoximines of type 23, excellent enantioselectivities were 
obtained in Pd-catalyzed allylic alkylation of rac-1,3-diphenylallyl acetate with malonates (up 
to 98% ee).50 Besides, C2-symmetric bissulfoximines 30 proved to be very efficient in Diels-
Alder and hetero-Diels-Alder reactions.39d,51 In both cases, excellent results in terms of activity 
(up to 98% yield) and enantioselectivity (up to 99% ee) were achieved. These first excellent 
results indicated that not only C1-symmetric, but also C2-symmetric sulfoximines were good 
ligand candidates for enantioselective metal catalysis and prompted further examinations of C2-
symmetric sulfoximine ligands. In agreement with this observation, Harmata published 
independently the application of C2-symmetric sulfoximine 42 in Pd-catalyzed allylic 
alkylation. As shown in Scheme 26, the use of bisbenzothiazine 42 as ligand in this 
transformation was reported to be effective (up to 90% yield) and enantioselectivities of up to 
86% ee were observed.52  
                                               
50 C. Bolm, O. Simic, M. Martin, Synlett 2001, 1878. 
51 a) C. Bolm, M. Martin, O. Simic, M. Verrucci, Org. Lett. 2003, 5, 427. b) C. Bolm, M. Verrucci, O. Simic, C. P. 
R. Hackenberger, Adv. Synth. Catal. 2005, 347, 1696. 
52 M. Harmata, S. K. Ghosh, Org. Lett. 2001, 3, 3321. 
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N SS N
Ph
O
--
O
Ph
Ph Ph
OAc
CO2MeMeO2C+
Ph Ph
MeO2C CO2Me
Pd2(dba)3 (2.5 mol%),
THF, BSA (3 eq.), KOAc (cat.)
up to 86% ee
  42 (10 mol%)
43 44 45
 
 
Scheme 26. Application of C2-symmetric sulfoximine 42 as ligand in Pd-catalyzed allylic alkylation.52 
 
 
 
Trying to rationalize the high enantioselectivities induced by the use of C2-symmetric 
sulfoximine ligands, a structural analysis of the intermediate from bissulfoximine 30, Cu(OTf)2 
and the dienophile involved in Diels-Alder reaction was carried out (Figure 5).53 Examination 
of the bite sites of the ligand and the coordination of both nitrogens to the metal centre were 
effected. Surprisingly, an unsymmetrical distorted square-planar arrangement was observed, 
which suggested that C2-symmetry of the ligand does not play an essential role for achieving 
high enantioselectivities. 
 
NN
O
S
O
Me
Ph
S
Ph
O
O
O
O
N
S
O CF3
Me
O
Cu
 
 
 
Figure 5. Cu(OTf)2-bissulfoximine-dienophile-complex observed by EPR spectroscopy. 
 
 
 
                                               
53 C. Bolm, M. Martin, G. Gescheidt, C. Palivan, D. Neshchadin, H. Bertagnolli, M. Feth, A. Schweiger, G. 
Mitrikas, J. Harmer, J. Am. Chem. Soc. 2003, 125, 6222. 
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Guided by this discovery, additional studies on C1-symmetric monosulfoximines were pursued 
and the preparation of a second generation of C1-symmetric sulfoximines was initiated.54 As 
the first class of new C1-symmetric sulfoximines, the N-quinolyl-sulfoximines 46 were 
prepared (Figure 6). Also, these C1-symmetric sulfoximines proved to be very effective in 
catalyzed hetero-Diels-Alder reactions, affording products in good yields with very high level 
of enantioselectivity (up to 99% ee). Interestingly, reminding the structure of chiral salen-type 
ligands, N-quinolyl-sulfoximine 46 bearing an ortho-methoxy substituent at the sulfoximine 
aryl gave the best results. In agreement with the previous observation, an X-ray crystal 
structure analysis of the Cu(OTf)2 complex of 46 confirmed the assumption of a non-
symmetrical arrangement.55 Stimulated by the good enantioselectivity achieved with these 
sulfoximine ligands, a second family of C1-symmetric sulfoximine was envisioned. In order to 
access further variations, it was reasoned that the quinolyl nitrogen binding site of the ligand 
could be replaced by the nitrogen of an amino group. Concretely, the so-called 
aminosulfoximines 47 (Figure 6) were designed as a new ligand class. 
 
N
NS
O
Alk
Ar NS
O
Ar
Alk
HN R
46
NS
O
Ar
Alk
PAr'2
47 48  
 
 
Figure 6. 2nd generation of C1-symmetric sulfoximines as potential ligands. 
 
 
 
Rapidly, these C1-symmetric aminosulfoximines found application as ligands in metal-
catalyzed reactions and excellent enantioselectivities were reported. As first application of this 
class of ligands, the Mukaiyama-Aldol reaction proved to be efficiently catalyzed by means of 
aminosulfoximine 73i and Cu(OTf)2, as shown in Scheme 27.56 
                                               
54 Recently, Harmata reported also the formation of C1-symmetric sulfoximine-based ligands with the preparation 
of a new chiral benzothiazine and its use in the synthesis of a chiral receptor, see: M. Harmata, N. L. Calkins, R. 
G. Baughman, C. L. Barnes, J. Org. Chem. 2006, 71, 3650. 
55 C. Bolm, M. Verrucci, O. Simic, P. G. Cozzi, G. Raabe, H. Okamura, Chem. Commun. 2003, 2826. 
56 a) M. Langner, C. Bolm, Angew. Chem., Int. Ed. 2004, 43, 5984. b) M. Langner, P. Rémy, C. Bolm, Chem. Eur. 
J. 2005, 11, 6254. 
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Cu(OTf)2 (10 mol%)
THF, CF3CH2OH
NS
O
Ph
Me
HN
47i (10 mol%)
R1O
O
R2
O
R1O
O
R3
O
+
up to 99% ee
R3
OTMS R
2HO
*
49 50 51
 
Scheme 27. Application of aminosulfoximine 47i in Cu-catalyzed Mukaiyama-aldol reaction.56 
 
Besides, a third class of C1-symmetric ligands was developed. The heterodentate 
phosphanoylsulfoximines 48 (Figure 6) also seemed to be good candidates as potential ligands 
for enantioselective metal catalysis. Gratifyingly, these P,N-ligands have shown good activities 
in Pd-catalyzed allylic alkylation.57 Moreover, phosphanoylsulfoximine 48a proved to be very 
effective in Ir-catalyzed hydrogenation of imines, affording the products with 
enantioselectivities of up to 98% ee (Scheme 28).58 
 
Ar1 R
N
Ar1 R
HN
Ar2Ar2 [{Ir(cod)Cl}2] (0.5 mol%)
H2 (20 bar), I2 (2.0 mol%)
toluene
up to 98% ee
*
NS
O
Ph PPh2
48a (1.1 mol%)
52 53
 
 
Scheme 28. Application of phosphanoylsulfoximine 48a in Ir-catalyzed hydrogenation of imines.58 
 
                                               
57 C. Moessner, RWTH Dissertation Thesis 2005. 
58 C. Moessner, C. Bolm, Angew. Chem., Int. Ed. 2005, 44, 7564. 
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3. Objectives of the project 
 
According to the results previously described (see Section 2), it seemed attractive to design 
new families of sulfoximine ligands which combine both C1- or C2-symmetries and which 
incorporate the possibility for both N,N- or P,N-coordinations.  
Following this strategy, a wide variety of C1- and C2-symmetric target molecules were 
envisioned as candidates for catalyzing enantioselective reactions, as depicted in Figure 7. 
 
a) R = H, no substituent on the phenyl bridge 
b) R ¹ H, substituents on the phenyl bridge (1) 
N HNS
O
Ar2
Alk Ar1
R
 
c) Ar2 ¹ Ph, or alkyl ¹ Me, modifications on  
the sulfoximine substituents 
   
a) R = NH-CH2-Ar (aminosulfoximine) 
b) R = PPh2 (phosphanoylsulfoximine) (2) 
N RS
O
Me
Ph
 
c) R = sulfoximine (bissulfoximine) 
   
(3) 
NS
O
Me
Ph
N
R
 
a) R = H (or NH2) (aminosulfoximine) 
b) R = PPh2 (phosphanoylsulfoximine) 
   
a) R = NH-CH2-Ar (aminosulfoximine) 
b) R = PPh2 (phosphanoylsulfoximine) (4) 
R
N S
O
Me
Ph
 
c) R = sulfoximine (bissulfoximine) 
 
Figure 7. New families of sulfoximine ligands combining C1- or C2-symmetries and N,N- or P,N-coordinations. 
 
The first aim of the present work (see Section 4.1) was focused on the preparation of modified 
aminosulfoximines (Figure 7, entry 1). Whereas variations on the benzylamino group (Ar1) 
were already done,59 further modifications of aminosulfoximine molecules were pursued. In 
this context, the introduction of various substituents on the phenyl bridge (R, entry 1b) was first 
investigated (see Section 4.1.1). Then, in Section 4.1.2 attention was focused on modifications 
of the sulfoximine substituents bound to sulfur (Ar2 and Alk, entry 1c). Finally, the phenyl 
                                               
59 M. Langner, RWTH Dissertation Thesis 2004. 
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bridge was replaced with other aromatic rings (see Section 3.2 – 3.4) and as such, was extended 
to naphthyl (entry 2), indole (entry 3) and paracyclophane (entry 4) units.  
 
As the second part of the present work, application of the newly prepared potential ligands for 
asymmetric metal catalysis was examined. Firstly, the application of C1-symmetric 
aminosulfoximines (Figure 7, entries 1a – c and 3a) as N,N-ligands in Cu-catalyzed 
Mukaiyama-aldol reaction (see Section 5.1.1), vinylogous Mukaiyama-aldol reaction (see 
Section 5.1.2) and carbonyl-ene reaction (see Section 5.1.3) was explored. Secondly, the 
application of C1-symmetric phosphanoylsulfoximines (Figure 7, entries 2b and 3b) as P,N-
ligands in Pd-catalyzed allylic alkylation and the Ir-catalyzed hydrogenation of imines was 
studied (see Section 5.2). Then, the C2-symmetric naphthalene-bridged bissulfoximine (Figure 
7, entry 2c) was tested as N,N-ligand in Cu-catalyzed Diels-Alder reaction (see Section 5.3.1) 
and in metal catalyzed 1,3-dipolar cycloaddition reaction (see Section 5.3.2). Lastly, the use of 
naphthalene-bridged bissulfoximinium triflate as catalyst for the aza-Henry reaction was 
examined (see Section 5.3.3).  
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4. Synthesis of potential ligands 
 
4.1 Preparation of C1-symmetric phenyl-bridged aminosulfoximines  
 
The preparation of new phenyl-bridged aminosulfoximines was the first objective of the 
present work. As described above (see Sections 2 – 3), the family of C1-symmetric 
aminosulfoximines represents good candidates for asymmetric metal catalysis. Although 
studies on phenyl-bridged aminosulfoximines were initiated before the beginning of this work, 
further variations in the architecture of these compounds were worth exploring in order to 
extend the scope of this family. Therefore, the introduction of electron-withdrawing and 
electron-donating substituents on the phenyl bridge (Section 4.1.1) was first investigated, 
taking into account the reaction sequence previously employed for the preparation of non-
substituted aminosulfoximines. Next, attempts to modify the substituents on the aryl were 
surveyed (Section 4.1.2). 
 
4.1.1 Introduction of substituents on the phenyl bridge 
 
To envision a strategy for preparing new substituted phenyl-bridged aminosulfoximines, it is 
worthwhile to first examine the reaction sequence previously used for generating non-
substituted phenyl-bridged aminosulfoximines.56, 59  
Br NO2 NS
O
Ph
Me
NO2
NS
O
Ph
Me
NH2NS
O
Ph
Me
HN
Ar
(S)-6a
Pd(OAc)2
rac-BINAP
toluene, 110 °C, 24 h
Fe, AcOH
EtOH/H2O,
 80 °C, 3 - 5 h
ArCHO, AcOH
NaBH3CN or NaBH4
MeOH, 0 °C to r.t., 12 h
56h: 89% (for R = H)
57h: 83%
(for R = H)
 64 - 85% (for R = H)
R R
RR
(S)-56
(S)-57(S)-47
54
 
 
Scheme 29. Preparation of C1-symmetric phenyl-bridged aminosulfoximines 47 in a three-step sequence.56, 59 
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As shown in Scheme 29, non-substituted aminosulfoximines (R = H) were obtained in a three-
step sequence starting from ortho-bromonitrobenzene. The first step consists of Pd-catalyzed 
N-arylation of (S)-S-methyl-S-phenylsulfoximine (6a) with ortho-bromonitrobenzene (54a), 
affording nitrosulfoximine (S)-56h in 89% yield. Subsequent reduction of the nitro group with 
iron, provided the compound (S)-57h in 83% yield. Then, reductive amination in the presence 
of NaBH3CN or NaBH4 generated the desired aminosulfoximines (S)-47 in 64 – 85%. Using 
various aldehydes in the reductive amination step, variations on the benzylamino group of the 
sulfoximines were already examined.59 
 
With the aim of expanding the class of aminosulfoximines, introduction of substituents 
(electron-withdrawing, -donating groups) on the phenyl bridge (Scheme 29, R ¹ H) was 
effected.* Taking into account the availability of substituted ortho-bromonitrobenzenes 54, the 
preparation of substituted aminosulfoximines could be directly inspired by the three-step 
sequence previously used. Nevertheless, the preparation of nitro-substituted aminosulfoximines 
had to be studied separately, due to the second step of the sequence, where reduction of nitro 
group takes place in order to allow subsequent functionalization to benzylamino group. 
The yields obtained for the preparation of the nitrosulfoximines (S)-56 (first step, Scheme 29) 
are listed in Table 1. Introduction of electron-withdrawing groups (F, CF3) and electron-
donating groups (OMe, Me) was effected in good yields ranging from 80 to 95%. Apart from 
bromo-4,5-dimethyl-2-nitrobenzene 54e, which had to be prepared by a Sandmeyer reaction 
from 4,5-dimethyl-2-nitroaniline (Table 1, entry 6), all other starting materials were 
commercially-available.  
 
 
 
 
 
 
 
 
 
 
                                               
* The characterization of products 47 and their intermediates 56 and 57 was done in collaboration with A. Nijs, 
RWTH Forschung 2004. 
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Table 1. Synthesis of nitrosulfoximines 56 by Pd- or Cu-mediated cross-coupling reactions. 
 
entry aryl halide nitrosulfoximine method yield (%) 
1 
I NO2
F
55a  
N NO2S
O
Ph
Me
F
56a  
A 94 
2 
Br NO2
CF3
54b  
N NO2S
O
Ph
Me
CF3
56b  
A 85 
3 
I NO2
OCH3
55b  
N NO2S
O
Ph
Me
OCH3
56c  
A 80 
4 
Br NO2
CH3
54c  
N NO2S
O
Ph
Me
CH3
56d  
B 95 
5 
Br NO2
CH3
54d  
N NO2S
O
Ph
Me
CH3
56e  
B 95 
6 
Br NO2
H3C CH3
54e  
N NO2S
O
Ph
Me
H3C CH3
56f  
A 80 
Method A: Aryl halides 54 – 55 (2.0 eq.), (S)-S-methyl-S-phenylsulfoximine (6a) (1.0 eq.), CuI (1.0 eq.), CsOAc 
(2.5 eq.), DMSO, 90 °C, 12 h. Method B: o-Bromobenzene 54 (1.0 eq.), (S)-S-methyl-S-phenylsulfoximine (6a) 
(1.0 – 1.3 eq.), Pd(OAc)2 (5 mol%), rac-BINAP (7.5 mol%), Cs2CO3 (1.40 eq.), toluene, 110 °C, 24 h. 
 
It is worth to note that a remarkable improvement concerning the N-arylation of                      
N-unsubstituted sulfoximine (first step, Scheme 29) was found. We reported the Cu-mediated 
N-arylation of sulfoximines,40 which has, among other benefits described later on in this 
dissertation, great advantages over the corresponding Pd-catalyzed reaction. Indeed, Cu-
mediated cross-coupling was capable of promoting the reaction in 12 h, whereas 2 d were 
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necessary with the Pd-method, and additionally, the low cost of the metal source generates a 
much cheaper catalyst. Moreover, one restriction with the Pd-mediated cross-coupling concerns 
the difficulty of coupling sulfoximines with aryl iodides. As such, only moderate yields were 
observed after optimization of this reaction which requires the use of additives like LiBr or 
AgOTf to effect the formation of products.39b In contrast, the Cu-mediated cross-coupling can 
be applied to both aryl iodides 55 and aryl bromides 54. To evaluate the differences in 
reactivity between an aryl iodide and an aryl bromide in Cu-mediated cross-coupling reaction, 
test experiments in which ortho-bromophenyl iodide 58 (1 eq.) was reacted with (S)-S-methyl-
S-phenylsulfoximine (6a) (1 eq.) in the presence of CuI and CsOAc, were studied. As result, it 
was observed that the reaction occurs preferentially at the iodide over the bromide. Thus, (S)-
N-ortho-bromoaryl sulfoximine (59) and (S)-N-ortho-iodoaryl sulfoximine (60) were formed in 
63% yield and 27% yield, respectively (Scheme 30). Interestingly, the use of Cs2CO3 as a base, 
increased the selectivity and afforded only the (S)-N-ortho-bromoaryl sulfoximine (59). 
 
I Br N BrS
O
Ph
H3C
I N S
O
CH3
Ph
+
(S)-6a (1 eq.)
CuI (1 eq.)
base
DMSO, 90 °C, 12 h
base : Cs2CO3
base : CsOAc
68% --
63% 27%
58 59 60
 
 
Scheme 30. Reactivity difference between an aryl iodide and an aryl bromide in Cu-mediated cross-coupling.  
 
By applying this methodology to a variety of aryl halides, it was possible to generate various 
new aminosulfoximines. Cu-mediated cross-coupling reaction of sulfoximines with aryl iodides 
was a particularly useful alternative to the Pd-methodology, allowing the introduction of fluoro 
and methoxy substituents from the ortho-nitro benzene iodide 55, whereas the corresponding 
ortho-nitro benzene bromides 54 were not commercially-available. Nevertheless, in some cases 
(Table 1, entries 4 – 5), the Pd-catalyzed cross-coupling reaction was still utilized because of 
its slight superiority over the Cu-mediated cross-coupling reaction in terms of yield, especially 
in the case of reaction with aryl bromides as partners.  
 
In a second step, each of the resulting nitrosulfoximines (S)-56 was reduced with iron in the 
presence of acetic acid to afford the corresponding aminosulfoximines (S)-57 (Table 2). 
Reduction of the nitro group occured smoothly (up to 91% yield, Table 2, entry 2) but, with 
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some substrates, difficulties were encountered during the purification and as consequence 
rather low yields were observed (Table 2, entries 4 – 5). Actually, in these cases the conversion 
of the reaction was high but a mixture of products was obtained and the desired product was 
found to be tedious to separate by column chromatography. The yields reported in Table 2 are 
corresponding to a fraction of analytically-pure product, while another fraction contains the 
inseparable mixture. However, as shown with the methoxy-substituted aminosulfoximines   
(S)-57c (Table 2, entry 3), the reaction mixture can be roughly purified by a short column 
chromatography without making efforts to isolate analytically-pure product, and used directly 
in the subsequent reductive amination step. In this manner, the target molecule (S)-47c was 
obtained in good yield over two steps (Table 3, entry 3).  
 
Table 2. Reduction of the nitrosulfoximines 56 with iron in presence of AcOH affording aminosulfoximines 53.(a) 
 
entry nitrosulfoximine aminosulfoximine yield (%) 
1 
N NO2S
O
Ph
Me
F
56a  
N NH2S
O
Ph
Me
F
57a  
53 
2 
N NO2S
O
Ph
Me
CF3
56b  
N NH2S
O
Ph
Me
CF3
57b  
91 
3 
N NO2S
O
Ph
Me
OCH3
56c  
N NH2S
O
Ph
Me
OCH3
57c  
n.d. 
4 
N NO2S
O
Ph
Me
CH3
56d  
N NH2S
O
Ph
Me
CH3
57d  
25 
5 
N NO2S
O
Ph
Me
CH3
56e  
N NH2S
O
Ph
Me
CH3
57e  
25 
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6 
N NO2S
O
Ph
Me
H3C CH3
56f  
N NH2S
O
Ph
Me
H3C CH3
57f  
71 
(a) Nitrosulfoximines 56 (1.0 eq.), EtOH/H2O : 2/3, AcOH (1.6 – 1.8 eq.), Fe (3 – 4.5 eq.), reflux, 3 – 5 h. 
 
Finally, reductive amination was effected by reacting methanolic solutions of each of the 
amines (S)-57 with an aldehyde and subsequent reducing each of the iminium salts, thus 
formed, to the desired benzylamines (S)-47. Given that the best ligands described in the 
Mukaiyama-aldol reaction embodied isityl (Isi) and mesityl (Mes) groups, isitaldehyde and 
mesitaldehyde were chosen for the reductive amination step. Although an isityl 
aminosulfoximine proved to be the most efficient ligand,56 initial experiments focused on the 
use of mesityl derivatives for practical reasons, since mesitaldehyde can be stored at –4 °C for 
months, while isitaldehyde oxidizes in a few days at this temperature. 
 
Table 3. Reductive amination of aminosulfoximines 57, affording benzylaminosulfoximines 47.(a) 
 
entry aminosulfoximine benzylamine yield (%) 
1 
N NH2S
O
Ph
Me
F
57a  
N HNS
O
Ph
Me
F
Mes47a  
83 
2 
N NH2S
O
Ph
Me
CF3
57b  
N HNS
O
Ph
Me
CF3
Mes47b  
58 
3 
N NH2S
O
Ph
Me
OCH3
57c  
N HNS
O
Ph
Me
OCH3
Mes47c  
30(b) 
4 
N NH2S
O
Ph
Me
CH3
57d  
N HNS
O
Ph
Me
CH3
Mes47d  
86 
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5 
N NH2S
O
Ph
Me
CH3
57e  
N NHS
O
Ph
Me
CH3
Mes47e  
59 
6 
N NH2S
O
Ph
Me
H3C CH3
57f  
N HNS
O
Ph
Me
H3C CH3
Mes47f  
78 
(a) Aminosulfoximines 57, mesitaldehyde (1.2 – 2.5 eq.), NaBH3CN (0.9 – 1.0 eq.), AcOH, MeOH, r.t., 12 h. (b) 
Yield over two steps (nitro reduction and reductive amination). 
 
 
As explained before, the preparation of nitro-substituted phenyl-bridged aminosulfoximines 
(S)-47g had to be studied with a different approach. Initial attempts to access nitro-substituted 
aminosulfoximines are depicted in Scheme 31. 
Br NH2
61
(S)-63
NS
O
Ph
Me
NH2
NO2
a) Ac2O 
70 °C, 20 min
62
Br NH
NO2
O
(S)-31
NS
O
Ph
Me
NH
NO2
O
c) (S)-6a , CuI, CsOAc
DMSO, 90 °C, 12 h
d) Cs2CO3
MeOH, 80 °C, 12 h
b) HNO3, H2SO4,
r.t., 7 h
62a: 17% (ortho)
62b: 30% (para)
31a: 48% (ortho)
31b: 66% (para)
63a: n.d. (ortho)
63b: 66% (para)  
 
Scheme 31. Attempted synthesis of nitro-substituted phenyl-bridged aminosulfoximines (S)-47g . 
 
In this reaction sequence, the amino group of ortho-bromoaniline (61) was first protected with 
an acetyl group. Subsequent nitration of the acylated product provided a 1:1.8 mixture of the 
ortho- and para-nitrated products (relative to the amide as directing group). After purification 
by column chromatography the two nitrated bromobenzenes 62 were isolated in 17% and 30% 
yield (respectively for 62a and 62b). 
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Since the Pd-catalyzed Buchwald-Hartwig-type reaction remains the method of choice (in 
terms of yield) for cross-coupling reactions involving aryl bromides, it was first tested with the 
bromobenzene substrates 62. However, the Pd-mediated cross-coupling effected the formation 
of para-nitrophenylsulfoximine 31b in only 10% yield and no product at all was observed 
when ortho-nitrobromobenzene 62b was used as the substrate (Scheme 32). In contrast, when 
Cu-mediated cross-coupling was performed on the same substrates, products were obtained in 
moderate to good yields (48% and 65% for the synthesis of 31a and 31b). 
 
NS
O
Ph
Me
HN
O
NO2
NS
O
Ph
Me
HN
O
O2N
Br HN
O
NO2
Br HN
O
O2N
62a
62b 31b
Pd-catalyzed: --
Cu-mediated: 48%
Pd-catalyzed: 10%
Cu-mediated: 65%
31a
 
 
Scheme 32. Pd- vs. Cu-promoted cross-coupling. 
 
Subsequent deprotection of acetamide moiety on the para-nitro-substituted phenylsulfoximine 
31b was smoothly effected using Cs2CO3 in methanol to afford the corresponding nitro-
substituted aminosulfoximines 63b in 66% yield. Unfortunately, the final reductive amination 
step in the sequence failed and the formation of the desired sulfoximine (S)-47g  was not 
observed, even under reflux.  
 
NS
O
Ph
Me
HN
O
O2N
31b
NS
O
Ph
Me
NH2
O2N
63b
NS
O
Ph
Me
HN
Mes
O2N
47g
Cs2CO3, MeOH
12 h, reflux
MesCHO, 
NaBH3CN
AcOH
MeOH, 12 h, reflux
66 %
 
 
Scheme 33. 1st synthetic approach to nitro-substituted phenyl-bridged aminosulfoximines (S)-47g . 
 
Fortunately, 2-bromo-5-nitroaniline (64) became commercially-available during the progress of 
this work, thereby allowing a second synthetic strategy to be explored (Scheme 34).  
Synthesis of potential ligands 
 
31 
Br HN
O
NO2
Br NH2
NO2
NS
O
Ph
Me
HN
O
NO2
64
NEt3
0 °C, 1 h, 
then r.t., 12 h
Cl
O
(S)-6a, CuI, CsOAc
DMSO, 90 °C, 12 h
61% 54%65 (S)-66
 
 
Scheme 34. 2nd synthetic approach to nitro-substituted phenyl-bridged aminosulfoximines (S)-47g. 
 
The benzamide 65, obtained in 61% yield after benzoylation of the amino group of aniline 64, 
was reacted with (S)-S-methyl-S-phenylsulfoximine (6a) using the Cu-mediated coupling and 
the resulting benzamidosulfoximine (S)-66 was formed in 54% yield. Fastidious attempts at the 
reduction of the benzamide group of compound (S)-66 were pursued using NaBH4, LiAlH4, and 
BH3•THF, but none of these were successful. When NaBH4 was used, no reaction occurred and 
all the starting material was recovered after stirring at room temperature overnight. 
Surprisingly, reduction of the nitro group was observed (among diverse decomposition 
products) upon reaction of compound (S)-66 with LiAlH4, affording compound 67 (Scheme 
35). Indeed, this result was unexpected since similar aromatic compounds bearing nitro groups 
were untouched under these reducting conditions.60  
 
NS
O
Ph
Me
HN
O
NH2
(S)-66
NS
O
Ph
Me
HN
O
NO2
(S)-67
LiAlH4
THF, r.t., 12 h
 
 
Scheme 35. Attempted reduction of benzamide (S)-66 using LiAlH4. 
 
Although reduction of the benzamide moiety was also attempted using borane, only 
decomposition products were observed. As a result of the failure to effect this final step in the 
sequence, further efforts in the synthesis of potential ligands were directed towards 
modifications of the sulfoximine substituents. 
 
                                               
60 V. Cecchetti, V. Calderone, O. Tabarrini, S. Sabatini, E. Filipponi, L. Testai, R. Spogli, E. Martinotti, A. 
Fravolini, J. Med. Chem. 2003, 46, 3670. 
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4.1.2 Modifications of the sulfoximine substituents bound to sulfur 
 
As a part of our objectives, it was planned to extend the family of C1-symmetric 
aminosulfoximines by modifications of the aromatic and aliphatic substituents bound to the 
sulfur atom of the sulfoximine moiety (Figure 8, Ar ¹ Ph, and Alk ¹ Me).  
(S)-47
NS
O
Ar
Alk
HN
Mes
 
 
Figure 8. General structure of C1-symmetric aminosulfoximines 47, where Ar and Alk can be modified. 
 
Few studies involving the use of sulfoximines as ligands in catalysis have examined the effects 
of modifying the substituents that are bound to sulfur. One such study, however, showed that 
the ortho-methoxy group on the aryl moiety of sulfoximines had a positive effect in Diels-
Alder and hetero-Diels-Alder reactions, increasing the enantioselectivity (Figure 9).51b, 55 
 
NS
O
Me N
NS
O
Me HN
MesS
O
Me Me
OMe
MeO
Me
N
NS
O
Me
(R)-30a (R)-46a (R)-47j
Diels-Alder reaction hetero Diels-Alder reaction
OMe
OMe
 
 
Figure 9. Sulfoximine-type ligands bearing an ortho-methoxy aryl moiety at the sulfoximine. 
 
It was considered that the analogous aminosulfoximine (R)-47j, for example, along with other 
modifications of the substituents bound to sulfur, may confer improvements upon similar 
catalytic systems. Consequently, such potential aminosulfoximines derivatives 47 appeared to 
be interesting targets.59 
 
Further studies were pursued with (S)-S-tert-butyl-S-phenylsulfoximine (6e),* (S)-S-methyl-S-
p-morpholinophenylsulfoximine (6f)** and (S)-S-methyl-S-p-phenylphenylsulfoximine (6g), )** 
                                               
* compound 6e was prepared by C. Moessner.  
** compounds 6f and 6g were prepared by G. Y. Cho, see: G. Y. Cho, H. Okamura, C. Bolm, J. Org. Chem. 2005, 
70, 2346. 
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as shown in Scheme 36. It was first tried to couple each sulfoximine with ortho-
bromonitrobenzene using Pd(OAc)2 in the presence of rac-BINAP and Cs2CO3 as a base 
(Scheme 36, method A). With the (S)-S-methyl-S-p-phenylphenylsulfoximine (6g), this method 
was unsuccessful and necessitated the use of method B in which Pd(OAc)2 was replaced by 
Pd2(dba)3 (Scheme 36, entry 3). The corresponding nitrosulfoximines (S)-68, 69 and 70 could 
thus be formed in relatively good yields. 
NO2NS
O
Me
NO2NS
O
Ph
NHS
O
Me
NHS
O
Ph
Br NO2
Br NO2
Method A
Method B
+
+
NO2NS
O
Me
N
O
NHS
O
Me
N
O
Br NO2
Method A
+(S)-6f
(S)-69
(S)-70
(S)-68
62%
65%
66%
(S)-6g
(S)-6e(1)
(2)
(3)
 
 
Method A: o-Bromonitrobenzene (1.00 eq.), sulfoximines (S)-6e – g (1.00 – 1.25 eq.), Pd(OAc)2 (5 mol%), rac-
BINAP (7.5 mol%), Cs2CO3 (1.40 eq.), toluene, 110 °C, 24 h. Method B: o-Bromonitrobenzene (1.00 eq.), 
sulfoximines (S)-6e – g (1.00 – 1.25 eq.), Pd2(dba)3 (5 mol%), rac-BINAP (7.5 mol%), Cs2CO3 (1.40 eq.), 
toluene, 110 °C, 24 h. 
 
Scheme 36. Preparation of nitrosulfoximines (S)-68, -69 and -70 by Pd-catalyzed cross-coupling reaction of 
sulfoximines (S)-6e – g with o-bromonitrobenzene. 
 
Unfortunately, the subsequent reduction of the nitro group failed with all of the 
nitrosulfoximines. On the one hand, the sulfoximine moiety of nitrosulfoximines (S)-68 and 
(S)-69 decomposed and no trace of product could be detected. On the other hand, 
nitrosulfoximine (S)-70 was unaffected, even after 5 h under reflux conditions, and all of the 
starting material was recovered. 
Because the nitrosulfoximine (S)-70 seemed to be less sensitive than the other substrates to the 
reduction conditions, it was tried to reduce the nitro moiety by hydrogenation with Pd/C. Only 
the starting material was recovered and although other reductions involving SnCl2, or SmI2 
may be of merit, further efforts at synthesizing these aminosulfoximines were not pursued. 
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4.2 Preparation of naphthalene-bridged sulfoximines  
 
As mentioned above (see Section 3), it was also very interesting to vary the aryl bridge in the 
established sulfoximine ligands. As a first objective, the replacement of phenyl-bridge with 
naphthalene-bridge was investigated. In this context, the preparation of C1-symmetric 
naphthalene-bridged aminosulfoximines (Section 4.2.1), the access to C1-symmetric 
naphthalene-bridged phosphanoylsulfoximines (Section 4.2.2) and at last, the synthesis of C2-
symmetric naphthalene-bridged bissulfoximines (Section 4.2.3) were effected. 
 
4.2.1 C1-symmetric naphthalene-bridged aminosulfoximine 
 
In order to prepare C1-symmetric naphthalene-bridged aminosulfoximines, a four step 
procedure, starting from the commercially-available 1,8-diaminonaphthalene (71) was 
developed (Scheme 37). Following a reported procedure, 1-amino-8-bromonaphthalene (72) 
was synthesized from compound 71, although the yield was quite low (15% vs. 27% 
described).61 Subsequent benzylation proceeded smoothly and the compound 73 was formed in 
82% yield, before being subjected to Cu-mediated cross-coupling reaction which afforded the 
sulfoximine (S)-74 in 86% yield. 
N HNS
O
Me
Ph
O
Br HN
O
Br NH2NH2 NH2
71 72
73
a) NaNO2, HCl
H2O,  -5 °C, 2 h, 
then 10 °C, 18 h
c) 
NEt3
CH2Cl2, 0 °C, 1 h, 
then r.t., 12 h
Cl
O
Mes
(S)-74
d) (S)-6a, CuI, CsOAc
DMSO, 90 °C, 12 h
15%
82%
86%
b) HBr, Cu
H2O, 60 °C, 18h
 
 
Scheme 37. Synthetic approach to C1-symmetric naphthalene-bridged amidosulfoximine (S)-74.  
                                               
61 S. Vyskocil, L. Meca, I. Tislerova, I. Cisarova, M. Polasek, S. R. Harutyunyan, Y. N. Belokon, R. M. J. Stead, 
L. Farrugia, S. C. Lockhart, W. L. Mitchell, P. Kocovsky, Chem. Eur. J. 2002, 8, 4633. 
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Unfortunately the final step in this procedure was found to be problematic. As with the 
corresponding phenyl-bridged system 66 (see Section 4.1.1), NaBH4, LiAlH4, or BH3•THF did 
not afford the desired product in reasonable yield. Mass spectroscopy analysis indicated that 
traces of the product were formed (m/z = 249 [M]+) when borane was used as the reducing 
agent, but no clean NMR spectrum could be recorded. Taking into account both this result and 
the poor yield of the first step, no further efforts to synthesize the C1-symmetric naphthalene-
bridged aminosulfoximines were pursued. 
 
 
4.2.2 C1-symmetric naphthalene-bridged phosphanoylsulfoximine 
 
It was initially envisaged that access to the C1-symmetric naphthalene-bridged 
phosphanoylsulfoximine 34 could be achieved by phosphination of (S)-N-(8-bromonaphthyl)-
S-methyl-S-phenylsulfoximine (76), shown in Scheme 38. Given that attempts to synthesize the 
monosulfoximine (S)-76 using the Cu-mediated cross-coupling methodology failed to afford 
the desired product in synthetically useful amounts (<5% yield), instead yielding the 
bissulfoximine detailed in Section 4.2.3 (27% yield), even when an excess of 1,8-
dibromonaphthalene was used, attention was focused on the alternative Pd-mediated process 
(Scheme 38). As such, the Pd-mediated cross-coupling reaction afforded (S)-N-(8-
bromonaphthyl)-S-methyl-S-phenylsulfoximine (S)-76 in 71% yield, whereas the iodo-
analogue was obtained in only 9% yield with LiBr as an additive (vs. 4% yield using AgOTf as 
an additive). Subsequent attempts at phosphination, by treatment of bromo-sulfoximine 76a 
with n-BuLi, followed by addition of Ph2PCl, failed to afford the desired product. 
 
N XS
O
Me
PhX X
75 (S)-76
(S)-6a, Pd(OAc)2, 
rac-BINAP, Cs2CO3
75a: X = Br
75b: X = I
toluene, 110 °C, 24 h
(additive, for X = I)
71% (X= Br)
4 - 9% (X = I)
 
 
Scheme 38. Preparation of (S)-N-(8-bromonaphthyl)-S-methyl-S-phenylsulfoximine (S)-76. 
 
The problem was circumvented by introducing the phosphine on the naphthalene-bridge prior 
to the sulfoximine moiety. The phosphinoylnaphthalene 77 could be prepared in two steps 
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(phosphination, followed by oxidation) from the 1,8-dibromonaphthalene (75a) or the 1,8-
diiodonaphthalene (75b) in moderate yields (40% and 54% over the two steps, respectively). 
Unfortunately, the Cu-mediated cross-coupling reaction between 
halogenophosphinoylnaphthalene 77 and (S)-S-methyl-S-phenylsulfoximine (6a), in the 
presence of a stoichiometric excess of CuI appeared to be sluggish, affording a non-separable 
mixture of various phosphinoylnaphthalene compounds (according to 31P NMR analysis) and 
unreacted (S)-S-methyl-S-phenylsulfoximine 6a. The use of an alternative catalytic version of 
the Cu-mediated cross-coupling reaction [reaction condition c), Scheme 39],41 cleanly 
furnished the phosphinoylnaphthalene (S)-78 in 68% yield from 77b. Subsequent reduction of 
the phosphine oxide group to the phosphane with trichlorosilane, afforded the attempted C1-
symmetric naphthalene-bridged phosphanoylsulfoximine (S)-34 in 34% yield. 
 
N PPh2S
O
Me
Ph
(S)-78(S)-34
77
X POPh2
N POPh2S
O
Me
Ph
X X
a) n-BuLi, PPh2Cl
THF, -78 °C, 1h, 
then r.t., 12 h
b) H2O2 
acetone, r.t., 2 h
c) (S)-6a, CuI (10 mol%)
DMEDA (20 mol%)
Cs2CO3
toluene, 110 °C, 12 h
NEt3, Cl3SiH
toluene, 105 °C, 12 h
34%
68% 
(from 77b)
75
75a: X = Br
75b: X = I
40% (77a)
54% (77b)
 
 
Scheme 39. Synthetic approach to C1-symmetric naphthalene-bridged phosphanoylsulfoximine (S)-34. 
 
4.2.3 C2-symmetric naphthalene-bridged bissulfoximine 
 
Considering the rate acceleration and the high enantiocontrol induced by the use of C2-
symmetric phenyl-bridged bissulfoximines as ligands in Diels-Alder and hetero-Diels-Alder 
reactions,39d, 51 the design of new C2-symmetric bissulfoximines as potential ligands was 
considered as very attractive. Moreover, one of the most interesting discoveries in the course of 
the optimization and the scope extension of the Cu-mediated cross-coupling of N-unsubstituted 
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sulfoximines and aryl halides, allowed the formation of C2-symmetric naphthalene-bridged 
bissulfoximines 33, as shown in Scheme 40. 
N NS
O
Me
Ph S
O
CH3
Ph
N
S
O Ph
Br Br
Cu 
cross-coupling
Pd 
cross-coupling
75a
33
79
99%
90%
 
 
Scheme 40. Reactivity difference between Cu- and Pd-mediated cross-coupling with 1,8-dibromonaphthalene 
(75a). 
 
Modified Pd-mediated cross-coupling conditions for the formation of bissulfoximines have 
previously been reported.39d In order to achieve a di-substitution as opposed to mono-
substitution, the Pd source had to be changed from Pd(OAc)2 to Pd2(dba)3, the base Cs2CO3 
had to be replaced with the stronger NaOt-Bu (and its use increased to 4 eq.), and additionally, 
5 eq. of (S)-S-methyl-S-phenylsulfoximine (6a) were required to effect the reaction. However, 
1,8-dibromonaphthalene (75a) did not undergo the anticipated double substitution under these 
conditions, and instead underwent an intermolecular N-arylation followed by intramolecular 
ring closure to afford the cyclized naphthalene 79 in excellent yield (Scheme 41).62 In contrast, 
when the reaction was performed under the Cu-mediated cross-coupling conditions developed 
for mono-substitution, the naphthalene-bridged bissulfoximine 33 was obtained in a promising 
yield of 34% (Table 4, entry 1). Accordingly, the reaction conditions were optimized, as 
depicted in Table 4.  
N NS
O
Me
Ph S
O
CH3
Ph
X X
75 (S,S)-33
75a: X = Br
75b: X = I
DMSO, 90 °C, 12 h
(S)-6a, copper source, base
 
 
                                               
62 C. Bolm, M. Martin, L. Gibson, Synlett 2002, 832. 
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Scheme 41. Formation of naphthalene-bridged bissulfoximine (S,S)-33 by Cu-mediated cross-coupling reaction. 
Table 4. Optimization of the Cu-mediated cross-coupling reaction conditions for the formation of (S,S)-33. 
 
entry 1,8-dihalogeno naphthalene  
(S)-S-methyl-S-
phenyl 
sulfoximine 
copper source  base  yield (%) 
1 1 eq. (75a) 2 eq. 1 eq. (CuI) 2.5 eq. (CsOAc) 34 
2 1 eq. (75a) 3 eq. 2 eq. (CuI) 6 eq. (CsOAc) 41 
3 1 eq. (75a) 3 eq. 2 eq. (CuBr) 6 eq. (NaOt-Bu) 28 
4 1 eq. (75b) 4 eq. 2 eq. (CuI) 8 eq. (CsOAc) 60 
5 1 eq. (75b) 4 eq. 2 eq. (CuI) 8 eq.(Cs2CO3) 90 
 
 
Increasing the amount of CuI, (S)-S-methyl-S-phenylsulfoximine (6a) and base from that used 
under the conditions developed for mono-substitution (entry 1) led to a slightly better yield 
(entry 2, 41%). As alternative sources of metal and base, CuBr (2 eq.) and NaOt-Bu (6 eq.) 
were also tested, but under these conditions the yield dropped to 28% (entry 3). Since aryl 
iodides generally give slightly better yields than aryl bromides in Cu-mediated cross-coupling 
with sulfoximines, the reaction with 1,8-diiodonaphthalene (75b) was investigated. As such, 
using 1,8-diiodonaphthalene (75b) (1 eq.), (S)-S-methyl-S-phenylsulfoximine (6a) (4 eq.), CuI 
(2 eq.) and CsOAc (8 eq.), the target compound (S,S)-33 was formed in 60% yield (entry 4). 
Switching the base to Cs2CO3 (8 eq.) remarkably increased the yield for the formation of 
naphthalene-bridged bissulfoximine (S,S)-33 to 90% (entry 5). 
 
Because its structure resembles that of previously reported, so-called proton sponges, such as 
those shown in Figure 10, the C2-symmetric naphthalene-bridged bissulfoximine 33 may 
exhibit the properties of a super base. Additionally, chiral proton sponges have recently found 
useful applications in asymmetric syntheses.63 It is worthy of note that the proton affinity of 
each of the proton sponges shown in Figure 10 have been estimated by theoretical and NMR 
                                                
63 a) T. Ishikawa, T. Isobe, Chem. Eur. J. 2002, 8, 553. b) O. Boussif, F. Lezoualc'h, M. A. Zanta, M. D. Mergny, 
D. Scherman, B. Demeneix, J.-P. Behr, Proc. Natl. Acad. Sci. U. S. A. 1995, 92, 7297. c) J. P. Behr, Chimia 1997, 
51, 34. 
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studies, and that 1,8-diaminonaphthalene-based bisphosphazene 82 was reported as that with 
the highest thermodynamic basicity.64 
 
N NMe
Me Me
Me N N
(Me)2N
(Me)2N
N(Me)2
N(Me)2
N N PP
(Me)2N N(Me)2
(Me)2N N(Me)2
(Me)2N N(Me)2
80 81 82  
 
Figure 10. Examples of proton sponges in the literature. 
 
 
 
Indeed, the PF6– salt of the protonated bisphosphazene 82 could be formed and by analogy with 
this result, it was attractive to prepare the triflate salt 84 of the protonated naphthalene-bridged 
bissulfoximine 33. Stirring the sponge for 1 h in dichloromethane, in the presence of 1 eq. of 
TfOH, afforded the desired salt 84. 
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O
Me
Ph S CH3
PhH
OTf
N N PP
(Me)2N N(Me)2
(Me)2N N(Me)2
(Me)2N N(Me)2
H
[80+H+] [PF6] 
- (83) [33+H+] [OTf] - (84)
PF6
O
 
 
 
Figure 11. Protonated forms of proton sponges. 
 
 
 
Although crystals of 33 or of its protonated form 84 could not be obtained, it can be seen by 1H 
NMR spectral analysis that the downfield shifts of the methyl groups of the protonated 
bissulfoximine (δ 4.02), relative to those of the non-protonated sponge (δ 3.28), unambiguously 
indicate the formation of the protonated species.  
 
 
                                               
64 V. Raab, E. Gauchenova, A. Merkoulov, K. Harms, J. Sundermeyer, B. Kovacevic, Z. B. Maksic, J. Am. Chem. 
Soc. 2005, 127, 15738. 
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Figure 12. 1H NMR spectra of naphthalene-bridged bissulfoximine 33 and bissulfoximinium triflate 84. 
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4.3 Preparation of indole-bridged sulfoximines  
 
Varying the sulfoximine bridge of the potential ligands, the class of C1-symmetric indole-
bridged sulfoximines was then explored. In this context, the preparation of C1-symmetric 
indole-bridged aminosulfoximines and C1-symmetric indole-bridged phosphanoylsulfoximines 
was envisioned. Since the 7-bromo-1H-indole (85) can be easily prepared from ortho-
bromonitrobenzene and vinyl magnesium bromide,65 or may be purchased from Lancaster or 
Aldrich at expense (250 mg, 75 Euros or 147 Euros, respectively), the following approach to 
indole-bridged sulfoximines was devised (Scheme 42).  
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85
(S)-32
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(S)-6a, CuI, CsOAc
DMSO, 90 °C, 12 h
50%
CH2Cl2/TFA
r.t., 1 h
68%
n-BuLi, PPh2Cl
THF, -78 °C, 1 h 
then r.t., 12 h
36%
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N
Boc
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(S)-89  
 
 
Scheme 42. Synthetic approach to C1-symmetric indole-bridged sulfoximines (S)-87, (S)-88, (S)-89. 
 
 
The synthesis of the indole-bridged sulfoximine (S)-32 was, again, permitted by the use of the 
Cu-mediated cross-coupling methodology. Although no coupling was observed with the non-
protected bromo indole (S)-85 the desired product (S)-32 was synthesized in 50% yield from 
the corresponding Boc-protected bromo indole. In contrast, no traces of cross-coupling product 
could be isolated using the Pd-mediated cross-coupling method (either with or without the 
protection of the amino group of the indole). Cleavage of the Boc-protecting group was 
effected by stirring a solution of compound (S)-32 in dichloromethane/trifluoro acetic acid 
                                               
65 a) G. Bartoli, G. Palmieri, M. Bosco, R. Dalpozzo, Tetrahedron Lett. 1989, 30, 2129. b) R. D. David, G. Jeremy, 
A. L. David, Synlett 1992, 79. 
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(1:3) for 1 h, to afford the indole-bridged sulfoximine (S)-87 in 68% yield. Classical 
phosphination conditions provided the C1-symmetric indole-bridged phosphanoylsulfoximine 
(S)-88 in a moderate yield of 36%.  
Although the indole-bridged sulfoximine (S)-87 is essentially a C1-symmetric 
aminosulfoximine, it was suspected that the indole nitrogen would exhibit a low 
nucleophilicity, since it is involved in the aromaticity of the indole skeleton, and therefore, 
would not function as a potential bidentate ligand. Therefore, attempts to prepare the N-amino 
indole-bridged sulfoximine (S)-89 via electrophilic amination of the indole nitrogen of 
compound (S)-87 were investigated. Among various amination reagents such as O-
mesitylenesulfonyl-hydroxylamine (MSH), hydroxylamine-O-sulfonic acid (HOSA), O-(2,4-
dinitrophenyl)-hydroxylamine (DnpONH2), O-(diphenylphosphine)-hydroxylamine 
(DppONH2), each shown in Figure 13, only DnpONH2 and DppONH2 were tested, but both 
failed. Nevertheless, this research is ongoing and, as such the use of other aminating reagents 
including monochloramine (NH2Cl, which has also been reported as an excellent reagent for N-
amination of pyrrole and indole),66 remain to be examined. 
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Figure 13. Representative amination reagents. 
 
                                               
66 J. Hynes, Jr., W. W. Doubleday, A. J. Dyckman, J. D. Godfrey, Jr., J. A. Grosso, S. Kiau, K. Leftheris, J. Org. 
Chem. 2004, 69, 1368. 
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4.4 Preparation of paracyclophane-bridged sulfoximines* 
 
Inspired by the fact that syntheses of both S-methyl-S-phenylsulfoximidoyl-
[2.2]paracyclophane 91 (Scheme 43)67 and 4,12-dibromo[2.2]paracyclophane 95 (Scheme 45)68 
are described in the literature, it was considered possible to access new families of 
sulfoximines-derived molecules, such as C2-symmetric paracyclophane-bridged bissulfoximine 
92, C1-symmetric paracyclophane-bridged phosphanoylsulfoximine 93, or C1-symmetric 
paracyclophane-bridged aminosulfoximines 94, each shown in Scheme 43. 
 
Br
90
N S
O
Me
Ph
91
(S)-6a, Pd(OAc)2, NaOt-Bu
toluene, 110 °C, 48 h
76%  
Scheme 43. Preparation of S-methyl-S-phenylsulfoximidoyl-[2.2]paracyclophane 91.67 
 
 
N
N S
O
Me
Ph
PPh2
N S
O
Me
Ph
HN
N S
O
Me
Ph
ArS
O Ph
Me92 93 94
 
 
 
Scheme 44. New families of paracyclophane-bridged sulfoximines envisioned. 
 
 
Initial experiments focused on effecting double substitution to provide the C2-symmetric 
paracyclophane-bridged bissulfoximine (S,S)-92. Unfortunately, neither the Pd-mediated cross-
coupling method, nor the Cu-mediated cross-coupling method gave the expected product. Only 
starting material could be recovered under the Cu-mediated cross-coupling conditions, while 
the C1-symmetric paracyclophane-bridged monosulfoximine (S)-96 was isolated in 29% yield 
under the Pd-mediated cross-coupling conditions (Scheme 45). Attempts to couple bromo-
                                               
* This project was realized in collaboration with D. K. Whelligan. 
67 J. Hildebrand, RWTH Dissertation Thesis 1999. 
68 a) P. J. Pye, K. Rossen, R. A. Reamer, N. N. Tsou, R. P. Volante, P. J. Reider, J. Am. Chem. Soc. 1997, 119, 
6207. b) H. J. Reich, D. J. Cram, J. Am. Chem. Soc. 1969, 91, 3517. c) P. J. Pye, K. Rossen, R. P. Volante, US 
Patent 5874629, 1999. 
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paracyclophane (S)-96 with PPh2Cl via lithiation with n-BuLi failed to effect the formation of 
C1-symmetric paracyclophane-bridged phosphanoylsulfoximine (S)-93. 
 
Br
N S
O
Me
Ph
(S)-96
Br
Br
95
(S)-6a (5 eq.)
NaOt-Bu (4 eq.)
rac-BINAP (8 mol%) 
Pd2(dba)3 (4 mol%)
toluene, 110 °C, 48 h
29%  
Scheme 45. Preparation of 96 by Pd-catalyzed cross-coupling reaction. 
 
 
It was considered that it may be possible to generate the desired product (S)-93 by inversion of 
the order of the cross-coupling and phosphination steps. Thus, 4-diphenylphophanoyl-12-
bromo[2.2]paracyclophane (97) was synthesized in 92% yield according to a previously 
published procedure (Scheme 46),69 but regrettably, neither the Pd- nor the Cu-mediated cross-
coupling protocols led to the desired product (S)-93. In both cases, only the starting material 
was recovered. 
 
PPh2
Br
97
Br
Br
95
n-BuLi, PPh2Cl
THF, r.t., 12 h
92%  
 
Scheme 46. Preparation of 97 by phosphination of 4,12-dibromo[2.2]paracyclophane 95. 
 
 
 
                                               
69 T. Focken, RWTH Dissertation Thesis 2003. 
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5. Application in Catalysis 
 
With the various classes of ligands described in the first part of the dissertation in hand (see 
Section 4), the second objective of this work, focusing on their application in enantioselective 
metal catalysis, was then initiated. 
As explained in Section 3, the application of C1-symmetric aminosulfoximines 47 (N,N-
ligands) in the Cu-catalyzed Mukaiyama-aldol reaction (see Section 5.1.1), the vinylogous 
Mukaiyama-aldol reaction (see Section 5.1.2) and the carbonyl-ene reaction (see Section 5.1.3) 
was first examined. Then, studies focused on the application of C1-symmetric 
phosphanoylsulfoximines 34 and 88 (P,N-ligands) in the Pd-catalyzed allylic alkylation and the 
Ir-catalyzed hydrogenation of imines (see Section 5.2). Next, C2-symmetric naphthalene-
bridged bissulfoximine 33 (N,N-ligand) was tested in the Cu-catalyzed Diels-Alder reaction 
(see Section 5.3.1) and in the metal-catalyzed 1,3-dipolar cycloaddition reaction (see Section 
5.3.2). Finally, the use of naphthalene-bridged bissulfoximinium triflate 84 as a catalyst for the 
aza-Henry reaction was examined (see Section 5.3.3).  
 
 
5.1 Application of the C1-symmetric aminosulfoximines (N,N-ligands) 
 
 
5.1.1 Mukaiyama-aldol reaction 
 
5.1.1.1  Introduction 
 
The direct aldol reaction is one of the most useful and versatile methods available in organic 
synthesis for the formation of C-C single bonds. This transformation, however, has often the 
drawback of affording a mixture of di-, poly-, or self-condensation products, in addition to the 
cross-product. Usually, the desired product is difficult to separate from the mixture, which 
diminishes the synthetic utility of the method.  
In 1973, Mukaiyama described a "New Aldol Type Reaction" (as mentioned the title of his 
publication), where β-hydroxyketones can be formed by reacting trimethylsilyl enol ethers with 
aldehydes or ketones, in the presence of TiCl4.70 This alternative procedure allows the 
                                               
70 T. Mukaiyama, K. Narasaka, K. Banno, Chem. Lett. 1973, 1011. 
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exclusive formation of the cross-aldol product. As shown in Scheme 47, it was first assumed 
that the reaction proceeded through the formation of titanium enol ether 100, which 
subsquently reacted with an aldehyde or a ketone to give the addition product 101. Following 
hydrolysis afforded the β-hydroxyketone 102. 
R1
OTMS
R2
R3
TiCl4
R1
OTiCl3
R2
R3
TMS-Cl
R4 R5
O
R1
O
R2 R3
O
Cl3
Ti
+
99 100 101 102
H+
R4
R5
R1
O
R2 R3
OH
R4
R5
 
 
Scheme 47. Initially assumed mechanism for the Mukaiyama-aldol reaction.70 
 
In a more plausible manner, the activation of the carbonyl compound was then hypothesized. 
As a first clue, the IR measurement of a mixture of TiCl4 and the carbonyl compound in 
CH2Cl2, showed a shift of the carbonyl absorption (from 1720 cm–1 to 1640 cm–1), which 
indicated the formation of an activated complex. Later, the results of mechanistic studies with 
doubly labelled silyl ketene acetals supported this hypothesis. A simplified mechanism is 
shown in Scheme 48.71 
 
R1
OTMS
R3
R2
R1 R2
O
MXn
R4 R5
O
MXn
+
+
MXn+
- -
R1
O
R2 R3
O
R4
R5
TMS MXn
R1
O
R2 R3
OTMS
R4
R5
 
Scheme 48. Simplified mechanism for the Mukaiyama-aldol reaction.71 
 
 
Although the nucleophilicity of silyl enol ethers is rather low, it is counterbalanced by the 
activation of the carbonyl function by the Lewis acid, allowing the reaction to take place. As a 
general remark, it is noteworthy that ketene silyl acetals are more reactive toward electrophiles 
than silyl enol ethers derived from ketones or thioesters. Furthermore, in the case of aldehyde 
and ketone functions coexisting in a molecule, the silyl enol ether selectively reacts with the 
aldehyde in preference to the ketone. Similarly, a ketone is preferred to an ester function. 
In 1989, Mukaiyama reported the highly diastereo- and enantioselective aldol reaction of silyl 
enol ethers of esters or thioesters with aldehydes, promoted by an in situ-generated complex 
                                               
71 E. M. Carreira, R. A. Singer, Tetrahedron Lett. 1994, 35, 4323. 
Application in Catalysis 
 
47 
combining chiral diamines 103 or 104 and Sn(II) triflate, in the presence of tributyltin 
fluoride72 or dibutyltindiacetate73 (Scheme 49, entries 1 – 2). This was the first catalyzed 
asymmetric aldol-type reaction reported, where neither chiral enolates nor carbonyl compounds 
were involved.  
R1 H
O
R2
OTMS
R2
OOH
R1
Sn(OTf)2 + n-Bu3SnF
chiral diamine 103 or 104
+
Sn(OTf)2 + n-Bu2Sn(OAc)2
chiral diamine 104R1 H
O
R2
OTMS
+
R2
OOH
R1 R2
OOH
R1
N
R N
N
R HN
103 104
50-90% yield 
78-95% ee
syn:anti = 100:1
up to 98% ee (syn)
+
R2 = SEt, St-Bu, 
        OBn, OEt
Sn(OTf)2 (20 mol%)
chiral diamine 104 (20 mol%)R1 H
O
R2
OTMS
+
R2
OOH
R1 R2
OOH
R1
syn:anti = 100:1
up to 90% ee (syn)
+
slow addition (9 h)
(100 mol%)
(100 mol%)
(1)
(2)
(3)
*
 
 
Scheme 49. Sn(II)-mediated Mukaiyama-aldol reaction between silyl enol ethers and aldehydes.72,73,75 
 
The first asymmetric Mukaiyama-aldol reaction performed by using a sub-stoichiometric 
amount of catalyst was reported by Reetz in 1986.74 A promising level of asymmetric induction 
(up to 66% ee) was reached using an Al(III)-derived Lewis acid. 
At a latter stage, Mukaiyama described a catalytic asymmetric aldol-type reaction employing 
20 mol% of chiral proline-derived diamine 104 in combination with Sn(II) triflate (Scheme 49, 
entry 3).75  
 
                                                
72 S. Kobayashi, T. Mukaiyama, Chem. Lett. 1989, 297. 
73 T. Mukaiyama, H. Uchiro, S. Kobayashi, Chem. Lett. 1989, 1757. 
74 M. T. Reetz, S. H. Kyung, C. Bolm, T. Zierke, Chem. Ind. 1986, 824. 
75 T. Mukaiyama, S. Kobayashi, H. Uchiro, I. Shina, Chem. Lett. 1990, 129. 
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After investigations into the mechanism, the following catalytic cycle was suggested (Scheme 
50). First, the silyl enol ether would attack the activated aldehyde to produce a Sn(II)-alkoxide 
and trimethylsilyl triflate. The following exchange reaction of the Sn(II)-alkoxide with 
trimethylsilyl triflate is considered a key step for the enantioselectivity of the reaction. Indeed, 
if this step would be slow, achiral trimethylsilyl triflate would competitively promote the 
reaction and cause a lowering of the selectivity. As a confirmation of this mechanistic 
hypothesis, use of a catalytic amount of the catalyst afforded products with unsatisfactory 
selectivities. This problem was solved by carrying out the reaction with a slow addition of the 
substrates to the solution of the catalyst. In this manner, the concentration of trimethylsilyl 
triflate was kept as low as possible, and the formation of the aldol products with high 
enantioselectivities was observed.  
 
R1 H
O
+
R2
OTMS
R2
O
R1
NN
*
R2
OO
R1
TMSO
SnOTf
NN
*
Sn(OTf)2
TMSOTf+
 
 
Scheme 50. Catalytic cycle for the Mukaiyama-aldol reactions suggested by Mukaiyama.75 
 
 
In addition to the catalytic system based on the combination of chiral proline-derived diamine 
ligand and Sn(II) triflate, several chiral boron-based catalysts, such as an (acyloxy)borane 
complex (CAB) 105a,76 α,α-disubstituted glycine sulfonamide-borane complexes 106,77 or 
oxazaborolidines 10778 were developed.  
 
Table 5 shows the structures of the ligands which were examined, and summarizes the types of 
silyl enol ethers which reacted with aldehydes. Some reaction conditions such as the catalyst 
                                               
76 K. Furuta, T. Maruyama, H. Yamamoto, J. Am. Chem. Soc. 1991, 113, 1041. 
77 a) E. R. Parmee, O. Tempkin, S. Masamune, A. Abiko, J. Am. Chem. Soc. 1991, 113, 9365. b) E. R. Parmee, Y. 
Hong, O. Tempkin, S. Masamune, Tetrahedron Lett. 1992, 33, 1729. 
78 a) E. J. Corey, C. L. Cywin, T. D. Roper, Tetrahedron Lett. 1992, 33, 6907. b) S. Kiyooka, Y. Kaneko, K. 
Kume, Tetrahedron Lett. 1992, 33, 4927. 
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loading, the temperature or the solvent are listed. Moreover, Table 5 gives an indication about 
the enantioselectivities obtained.  
 
Table 5. Summary of boron-based heterocyclic systems as ligands in the enantioselective Mukaiyama-aldol 
reaction between silyl enol ethers and aldehydes. 
 
entry catalyst (mol%) silyl enol ethers T (°C) solvent
 ee 
(%) 
1 
O
O
O
O
OH
OH
OCO2H
105a
 
 
BH3•THF 
20 
X
OTMS
R
 
 
 
X = Alk, Ph 
       R = H, Alk 
 
 
–78 EtCN <9576 
2 
O
OH
NH
Ts 106  
 
BH3•THF 
20 
X
OTMS  
 
 
X = OPh, SEt, St-Bu 
 
 
–78 
EtCN 
(slow 
addition) 
<9177b 
3 
NH
OH
O
O2SMe
NH
107a  
 n-BuB(OH)2 
20 
X
OTMS  
 
X = Ph, n-C4H9 
–78 
EtCN 
(slow 
addition) 
<9378a 
4 NH
OH
O
O2SO2N
107b
 
 
BH3•THF 
20 
X
OTMS
R2
R1
 
 
 
X = OEt, OPh 
       R1 = H, Me 
R2 = H, Me  
–78 EtNO2 <9778b 
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Moreover, the use of Ti(Oi-Pr)2Cl2/BINOL,79 Ti(Oi-Pr)4/BINOL80 and Ti(IV)-Schiff base 
catalysts81 was reported. Table 6 listes the ligand structures, the reaction conditions and the 
enantioselectivities attained.  
 
 
Table 6. Summary of Ti-BINOL systems as ligands in the enantioselective Mukaiyama-aldol reaction between 
silyl enol ethers and aldehydes. 
 
entry catalyst (mol%) silyl enol ethers T (°C) solvent ee (%) 
1 
OH
OH
108  
 Ti(Oi-Pr)2Cl2 or Ti(Oi-Pr)4 
5 
X
OTMS  
 
   X = SEt, St-Bu 
 
0 toluene <9879, 80 
2 
N
OH
OH
t-Bu
Br
109
 
 Ti(Oi-Pr)4, 3,5-di-tert-butyl salicylic acid 
2 – 5 
X
OTMS  
 
   X = OMe, OEt 
 
–10 Et2O <9781 
 
 
 
In 1996, an impressive catalytic system for the Mukaiyama-aldol reactions was reported by 
Evans.82 The combination of bis(oxazoline) 110 or bis(oxazoline)pyridine 111 (BOX and 
PYBOX, respectively) with Cu(II) salts proved to be excellent catalysts for this transformation, 
affording the aldol products in very good yields and with excellent enantioselectivities (up to 
99%), even in the presence of only 0.5 mol% of the catalyst (Scheme 51).  
 
                                                
79 K. Mikami, S. Matsukawa, J. Am. Chem. Soc. 1994, 116, 4077. 
80 G. E. Keck, D. Krishnamurthy, J. Am. Chem. Soc. 1995, 117, 2363. 
81 E. M. Carreira, R. A. Singer, W. Lee, J. Am. Chem. Soc. 1994, 116, 8837. 
82 D. A. Evans, J. A. Murry, M. C. Kozlowski, J. Am. Chem. Soc. 1996, 118, 5814. 
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+R2
O
*
R2 OH
R3
O
R3
OTMS
O
N N
O
R R
NO
N
R
N
O
R
(0.5 - 10 mol%)
Cu(OTf)2 or CuSbF6 
(0.5 - 10 mol%)
THF, -78°C
O
R1O R1O
O
R1 = Me, Et, Bn, t-Bu
R2 = Me, Et, i-Bu, i-Pr
R3 = St-Bu, SEt,         
Me, Ph, OEt
R = CMe3, CHMe2, Ph, Bn
110 111
112 113 114
 
 
Scheme 51. Enantioselective Cu-catalyzed Mukaiyama-aldol reaction as described by Evans.82, 83 
 
 
 
Remarkably, the reaction is very general, tolerating a wide range of silyl enol ethers (R3 = Alk, 
Ar, SAlk, OAlk) and not only electrophiles such as aldehydes, but also keto esters and 
glyoxylates.83,84 Previously only aldehydes were employed in this transformation, and 
applications of less electrophilic ketones were not reported. With the use of oxazoline-derived 
catalysts, the reaction could be effected with activated ketones, such as pyruvate esters 112. To 
explain these results, a very strict organizational feature was described. As such, it was 
reported that a five membered-ring complex, where both oxo groups of the keto ester 
coordinated to the metal centre, was generated.  
 
 
                                               
83 a) D. A. Evans, M. C. Kozlowski, C. S. Burgey, D. W. C. MacMillan, J. Am. Chem. Soc. 1997, 119, 7893. b) D. 
A. Evans, C. S. Burgey, M. C. Kozlowski, S. W. Tregay, J. Am. Chem. Soc. 1999, 121, 686. 
84 For the reaction with glyoxylate esters, Sn(II)-bis(oxazoline) and Sc(II)-bis(oxazoline)pyridine afforded the 
aldol products with 96 and 95% ee respectively. See: a) D. A. Evans, J. Wu, C. E. Masse, D. W. C. MacMillan, 
Org. Lett. 2002, 4, 3375. b) D. A. Evans, D. W. C. MacMillan, K. R. Campos, J. Am. Chem. Soc. 1997, 119, 
10859. 
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5.1.1.2  Applications of aminosulfoximines as ligands in the Mukaiyama-aldol reaction 
5.1.1.2.1 Optimization of the reaction conditions and examination of the substrate scope* 
 
It was previously described that C1-symmetric N-quinolyl-sulfoximine 46a can be applied as 
ligand in Mukaiyama-aldol reaction.85 As such, the reaction at room temperature between 1-
phenyl-1-trimethylsilyloxyethene (113a) and methyl pyruvate (112a) catalyzed by the 
combination of Cu(OTf)2 and C1-symmetric N-quinolyl-sulfoximine 46a afforded the α-
hydroxy ester 114a in 80% yield and with the promising enantiomeric excess of 76%.86  
 
MeO
Me
O
O
+ MeO
O
Ph
OOTMS
Ph Cu(OTf)2 (10 mol%)
CH2Cl2, r.t., 12 h
112a
*
Me OH
NNS
O
Me
OMe
46a (10 mol%)
80%, 76% ee
113a 114a
 
Scheme 52. Mukaiyama-aldol reaction between methyl pyruvate (112a) and silyl enol ether 113a catalyzed by the 
combination of Cu(OTf)2 and C1-symmetric N-quinolyl-sulfoximine 46a.85 
 
 
 
Therefore, C1-symmetric phenyl-bridged aminosulfoximines appeared as good candidates for 
the Mukaiyama-aldol reaction and were tested in this transformation.59 The conditions for the 
test reaction were chosen by analogy to a known procedure described by Evans (Scheme 53).83  
As shown in Table 7, a screening of aminosulfoximines was first effected, focusing on 
variations on the amino group (primary or secondary amines). Apart from the primary amine 
aminosulfoximine, which afforded the aldol product in good yield but low enantioselectivity 
                                               
85 M. Verrucci, RWTH Dissertation Thesis 2004. 
86 C2-symmetric phenyl-bridged bissulfoximine 30a provided the aldol products with only 35% ee. 
* These experiments were carried out by M. Langner, see: M. Langner, RWTH Dissertation Thesis 2005.  
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(12%, Table 7, entry 1), all other secondary aminosulfoximines afforded the products with 
good enantiomeric excesses ranging from 73% to 81%.  
R1O
Me
O
O
+ R1O
O
Ph
OOTMS
Ph Cu(OTf)2 (10 mol%)
CH2Cl2, -78 °C, 2 - 4 h
NS
O
Ph
Me
HN R
112 113a 114
*
Me OH
47 (10 mol%)
R1 = Me, Et  
 
Scheme 53. Test reaction between methyl- or ethyl pyruvate 112 and silyl enol ether 113a catalyzed by the 
combination of Cu(OTf)2 and C1-symmetric aminosulfoximines 47. 
 
Table 7. Screening of primary and secondary aminosulfoximines as ligands in Mukaiyama-aldol reaction.(a) 
 
entry aminosulfoximine pyruvate ester time (h) yield (%) ee (%)(b) 
1 R = H R1 = Et 2 73 12 (S) 
2 R = CH2-t-Bu R1 = Me 4 27 73 (R) 
3 R = cyclohexyl R1 = Et 3.5 19 77 (R) 
4 R = CH2-i-Pr R1 = Me 4 50 80 (R) 
5 R = CH2-cyclohexyl R1 = Et 2 34 81 (R) 
(a) Reaction conditions: pyruvate ester 112 (0.5 mmol), silyl enol ether 113a (0.6 mmol), Cu(OTf)2 (10 mol%), 
aminosulfoximines 47 (10 mol%), CH2Cl2, –78 °C. (b) The enantiomeric ratios were determined by HPLC using a 
chiral stationary phase (Chiralcel OD). 
 
 
Leading to the highest enantioselectivity, the N-cyclohexylmethyl aminosulfoximine ligand 
(81%, Table 7, entry 5) seems to have the most appropriate steric hindrance and prompted the 
next screening where the effect of benzylaminosulfoximines was studied.  
To our delight, benzylaminosulfoximines afforded products with higher enantioselectivities 
(81% to 88 % ee, Table 8) than the alkyl ones (Table 7). Given that the best result was 
achieved using the benzylaminosulfoximine bearing a tolyl rest (entry 5), the effect of 
substituent on the para position was examined. Unfortunately, no improvement could be 
attained (Table 8, entries 6 – 8).87  
                                                
87 N,N-Dibenzylaminosulfoximine and N-tosylaminosulfoximine were also explored, given low yields (7% and 
16%, respectively) and enantioselectivities (52% and 9%, respectively).  
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Table 8. Screening of benzylaminosulfoximines 47 (Scheme 53, R = CH2-Ar) as ligands in Mukaiyama-aldol 
reaction: reaction performed in CH2Cl2 at –78 °C.(a) 
 
entry benzylaminosulfoximine time (h) yield (%) ee (%)(b) 
1 Ar = o-OMe-Ph 3.5 61 82 (R) 
2 Ar = 1-naphthyl 3.5 54 83 (R) 
3 Ar = Ph 2 83 84 (R) 
4 Ar = mesityl 3.5 57 86 (R) 
5(c) Ar = tolyl 4 99 88 (R) 
6 Ar = p-OMe-Ph 4 50 84 (R) 
7 Ar = p-t-Bu-Ph 4 14 81 (R) 
8 Ar = 2-naphthyl 7 12 81 (R) 
(a) Reaction conditions: ethyl pyruvate (112d) (0.5 mmol), silyl enol ether 113a (0.6 mmol), Cu(OTf)2 (10 mol%), 
benzylaminosulfoximine 47 (10 mol%), CH2Cl2, –78 °C. (b) The enantiomeric ratios were determined by HPLC 
using a chiral stationary phase (Chiralcel OD). (c) Methyl pyruvate (112a) (0.5 mmol) was used. 
 
Independently, the solvent effect was studied and it was found that weakly coordinating 
solvents such as THF and Et2O, or aromatic solvents such as toluene, were the most 
appropriate ones. However, it was noticed that the reaction also performed well in dioxane, 
CH2Cl2 and CHCl3, albeit lower enantioselectivities were observed. Finally, the solvent of 
choice emerged to be THF. As shown in Table 9, a new screening of benzylaminosulfoximines 
at ambient temperature in THF led to excellent yields (99%) and very high enantioselectivities 
of up to 93 % (entries 5 – 6), although longer reaction times were required (19 – 24 h in Table 
9, vs. 2 – 7 in Table 8).  
 
Table 9. Screening of benzylaminosulfoximines 47 (Scheme 49, R = CH2-Ar) as ligands in Mukaiyama-aldol 
reaction: reaction performed in THF, at r.t.(a) 
 
entry benzylaminosulfoximine time (h) yield (%) ee (%)(b) 
1 Ar = Ph 24 64 70 (R) 
2 Ar = 2,4,6-OMe-Ph 24 17 72 (R) 
3 Ar = 1-naphthyl 24 77 83 (R) 
4 Ar = o-OMe-Ph 24 72 86 (R) 
5 Ar = mesityl 20 88 93 (R) 
6 Ar = isityl 19 99 93 (R) 
(a) Reaction conditions: methyl pyruvate (112a) (0.5 mmol), silyl enol ether 113a (0.6 mmol), Cu(OTf)2 (10 
mol%), benzylaminosulfoximine 47 (10 mol%), THF, r.t. (b) The enantiomeric ratios were determined by HPLC 
using a chiral stationary phase (Chiralcel OD). 
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Then, optimization of the copper source was carried out using the mesitylaminosulfoximine 
47h as ligand. Among Cu(ClO4)2, Cu(BF4)2, Cu(SbF6)2, which led to enantioselectivities 
ranging from 62% to 81% ee, Cu(OTf)2 remained to be the most appropriate one, affording the 
aldol product with 93% ee. Surprisingly, no enantioselectivity was observed by using Cu(PF6)2. 
Other metal triflates such as Zn(OTf)2, Sc(OTf)2 and Sn(OTf)2 were tested, but none of them 
afforded active catalysts (low or no conversion was observed and only racemic products could 
be isolated). 
 
Furthermore, lowering the temperature proved to have a positive effect on the 
enantioselectivity (Table 10). Nevertheless, as a consequence very long reaction times were 
then required (5 – 10 days). And it is also worth to note that no reaction occurred at –78 °C. 
With the aim of facilitating the turnover of the catalytic system, the use of 2,2,2-
trifluoroethanol already described in Mukaiyama-Michael reactions as an effective additive,88 
was tested. Using this additive, the problem could be solved and subsequently, in a period of 
time of only 15 h, very high enantioselectivity of 98% could be attained, using 10 mol% of 
catalyst derived from isitylaminosulfoximine 47i and Cu(OTf)2 (Table 10, entry 6). 
 
 
Table 10. Temperature and additive effects in Mukaiyama-aldol reaction catalyzed by aminosulfoximines 47h or 
47i as ligands.(a) 
 
entry benzylaminosulfoximine T (°C) time  yield (%) ee (%)(b) 
1 Ar = mesityl –10 48 h 79 96 (R) 
2 Ar = isityl –10 5 h 43 96 (R) 
3 Ar = mesityl –40 5 d 83 96 (R) 
4 Ar = isityl –40 5 d 78 97 (R) 
5 Ar = isityl –50 10 d 83 98 (R) 
6(c) Ar = isityl –30 15 h 89 98 (R) 
(a) Reaction conditions: methyl pyruvate (112a) (0.5 mmol), silyl enol ether 113a (0.6 mmol), Cu(OTf)2 (10 
mol%), benzylaminosulfoximine 47h or 47i (10 mol%), THF, r.t. (b) The enantiomeric ratios were determined by 
HPLC using a chiral stationary phase (Chiralcel OD). (c) CF3CH2OH used as an additive (0.6 mmol). 
 
 
                                               
88 For applications of fluorinated alcohols in Mukaiyama-type reactions, see: a) D. A. Evans, D. S. Johnson, Org. 
Lett. 1999, 1, 595. b) D. A. Evans, M. C. Willis, J. N. Johnston, Org. Lett. 1999, 1, 865. c) D. A. Evans, T. Rovis, 
M. C. Kozlowski, J. S. Tedrow, J. Am. Chem. Soc. 1999, 121, 1994. 
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Next, the substrate scope of the reaction was evaluated. Numerous keto esters were tested and 
very high level of enantioselectivity (up to 99%) could be reached (Scheme 54). On the one 
hand, variations on the ester group (R1 = Me, Bn, i-Pr, Et) were investigated and on the other 
hand, variations on the keto group (R2 = Me, Et, CH2-Bn) were examined. Additionally, the 
effect of the nucleophile (R3 = Me, Ph, t-BuS; PG = TMS, TBDMS) was studied. Thus, 
replacing the Ph group of the silyl enol ether (R3) with the less sterically hindered Me group, 
led to a remarkable enantioselectivity (91% ee, entry 7). In contrast, only 77% ee was obtained 
in the reaction involving silyl enol ether derived from thioester 113c as partner. However, a 
modification of the ligand architecture caused a significant increase of the asymmetric 
induction. As such, the use of the ligand 47j (Scheme 54) bearing an ortho-methoxyphenyl 
moiety on the sulfoximine part had a positive effect on the enantioselectivity.89 Therefore, aldol 
products with high enantioselectivities ranging from 91 to 98% ee were obtained (entries 8 – 
13).  
Moreover, the silyl thioketene 113d, which is the TBDMS analogue of silyl thioketene 113c, 
proved to be a suitable nucleophile for this transformation and similarly good results were 
obtained (entries 11 – 13).  
R1O
R2
O
O
+ R1O
O
R3
OOPG
R3 Cu(OTf)2 (10 mol%)
112 113 114
*
R2 OHTHF, CF3CH2OH
NS
O
Ph
Me
HN
Isi
NS
O
Me HN
Mes
OMe47i 47j
or
(10 mol%)
 
112a : R1 = R2 = Me 113a : R3 = Ph, PG = TMS 114a : R1 = R2 = Me, R3 = Ph 
112b : R1 = Bn, R2 = Me 113b : R3 = Me, PG = TMS 114b : R1 = Bn, R2 = Me, R3 = Ph 
112c : R1 = i-Pr, R2 = Me 113c : R3 = t-BuS, PG = TMS 114c : R1 = i-Pr, R2 = Me, R3 = Ph 
112d : R1 = Et, R2 = Me 113d : R3 = t-BuS, PG = TBDMS 114d : R1 = Et, R2 = Me, R3 = Ph 
112e : R1 = Et, R2 = (CH2)2Ph   114e : R1 = Et, R2 = (CH2)2Ph, R3 = Ph 
112f : R1 = Me, R2 = Et   114f : R1 =Me, R2 = Et, R3 = Ph 
    114g : R1 = Bn, R2 = R3 = Me 
    114h : R1 = R2 = Me, R3 = t-BuS 
    114i : R1 = Bn, R2 = Me, R3 = t-BuS 
    114j : R1 = i-Pr, R2 = Me, R3 = t-BuS 
Scheme 54. Substrate scope under optimized conditions by use of 47i or 47j. 
                                               
89 The effect of o-methoxyphenyl moiety on the sulfoximine part in the reaction with silyl enol ethers derived from 
ketones, was investigated as well. But lower yields and enantioselectivities were observed. 
Application in Catalysis 
 
57 
Table 11. Substrate scope for the Mukaiyama-aldol reaction catalyzed by aminosulfoximines 47i or 47j.(a) 
 
entry pyruvate ester 
silyl enol 
ether product T (°C) time (h) yield (%)
 ee (%)(b) 
1 112a 113a 114a –30 15 89 98 (R) 
2 112b 113a 114b –50 47 86 98 (R) 
3 112c 113a 114c –40 28 90 99 (R) 
4 112d 113a 114d –50 47 86 98 (R) 
5 112e 113a 114e –20 40 86 96 (R) 
6 112f 113a 114f r.t. 20 78 89 (R) 
7 112b 113b 114g –40 46 71 91 (R) 
8 112a 113c 114h –40 51 86 91 (S) 
9 112b 113c 114i –50 49 79 93 (S) 
10 112c 113c 114j –50 72 82 98 (S) 
11 112a 113d 114h –5 6 76 91 (S 
12 112b 113d 114i –5 6 58 91 (S) 
13 112c 113d 114j –5 6 76 93 (S) 
(a) Reaction conditions: pyruvate ester 112 (0.5 mmol), silyl enol ether 113 (0.60 – 0.75 mmol), Cu(OTf)2 (10 
mol%), aminosulfoximine 47i for entries 1 – 7 or 47j for entries 8 – 13 (10 mol%), CF3CH2OH (0.6 mmol). (b) 
The enantiomeric ratios were determined by HPLC using a chiral stationary phase (Chiralcel AS, OD, OD-H or 
OJ). 
 
After all, some limitations of this catalytic system are worthy of note. When aldehydes such as 
furan-2-carbaldehyde or benzyloxyacetaldehyde were used as the electrophile partner in the 
reaction with silyl enol ether 113a, no reaction was effected (Scheme 55). The same tendency 
was observed when ethyl-(2-oxo-3-methyl)-butyrate 112h. Moreover, using ethyl glyoxylate 
112g, moderate yield and conversion were observed (Scheme 55).  
+
Ph
OOTMS
Ph
47i (10 mol%)
Cu(OTf)2 (10 mol%)
THF, CF3CH2OH
117
*
OH
EtO
O
O
R1 H
O
R1
112h
113a
H
Ph
OOH
EtO
O
*
115 116
+
OTMS
Ph
113a
118
EtO
H
O
O
112g
Ph
OOHH
EtO
O
*+
OTMS
Ph
113a
57%, 50% ee  
Scheme 55. Unsuccessful attempts in Mukaiyama-aldol reaction catalyzed by aminosulfoximine 47i as ligand. 
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5.1.1.2.2 Screening of the newly prepared aminosulfoximines as ligands in Mukaiyama-
aldol reaction 
 
As a complement to the modular ligand architecture already examined,59 the 
aminosulfoximine-derived ligands with substituents on the phenyl-bridge 47a – f, or with an 
indole-bridge 87, which have been prepared as described in Section 4, were then tested. In this 
context, to permit an easy comparison with the previously described aminosulfoximine ligands 
47h and 47i and for practical reasons, the reaction was carried out at room temperature in THF 
between silyl enol ether 113a and methyl pyruvate (112a), as shown in Scheme 56.  
MeO
Me
O
O
+ MeO
O
Ph
OOTMS
Ph Cu(OTf)2 (10 mol%)
112a 113a 114a
*
Me OHTHF, CF3CH2OH
NS
O
Ph
Me
HN
Isi47i
or
(10 mol%)
NS
O
Ph
Me
HN
Mes47h
by use of 47a: 88%, 93% ee
by use of 47i : 99%, 93% ee  
 
Scheme 56. Mukaiyama-aldol reaction between silyl enol ether 113a and methyl pyruvate (112a) catalyzed by 
aminosulfoximines 47h or 47i. 
 
The result of this ligand screening for catalyzing the Cu-catalyzed Mukaiyama-aldol reaction is 
depicted in the Table 12. On the one hand, the substituted phenyl-bridged ligands 47a – f were 
tested. With the exception of the CF3-substituted aminosulfoximine 47b which afforded the 
aldol product with 82% ee (Table 12, entry 2), all other substituted phenyl-bridged ligands 
performed very well and enantioselectivities ranging from 90 to 93% ee were obtained. 
Nevertheless, no improvement compared to the non-substituted aminosulfoximine ligands 47h 
and 47i, which already allowed the formation of the aldol products with 93% ee, could be 
reached. On the other hand, the use of indole-bridged aminosulfoximine 87 as a ligand in the 
same reaction was examined, but no conversion was observed. This is in agreement with our 
assumption concerning the low nucleophilicity of the indole nitrogen (see Section 4.3).90 
                                                
90 Despite its very different architecture, the C2-symmetric naphthalene-bridged bissulfoximine (S,S)-31 was tested 
in Mukaiyama-aldol reaction and the product was obtained as a racemic mixture in the low yield of 17%. 
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Table 12. Screening of the newly prepared aminosulfoximines 47a – f and 87 as ligands in Mukaiyama-aldol 
reaction.(a) 
 
entry aminosulfoximine yield (%) ee (%)(b) 
1 
N HNS
O
Ph
Me
F
Mes47a  
84 93 (R) 
2 
N HNS
O
Ph
Me
CF3
Mes47b  
60 82 (R) 
3 
N HNS
O
Ph
Me
OCH3
Mes47c  
77 90 (R) 
4 
N HNS
O
Ph
Me
CH3
Mes47d  
75 90 (R) 
5 
N NHS
O
Ph
Me
CH3
Mes47e  
50 91 (R) 
6 
N HNS
O
Ph
Me
H3C CH3
Mes47f  
84 91 (R) 
7 
NS
O
Me
Ph
N
H
87  
-- n.d. 
(a) Reaction conditions: methyl pyruvate (112a) (0.5 mmol), silyl enol ether 113a (0.6 mmol), Cu(OTf)2 (10 
mol%), aminosulfoximine 47 (10 mol%), CF3CH2OH (0.6 mmol), THF, 24 h, r.t. (b) The enantiomeric ratios were 
determined by HPLC using a chiral stationary phase (Chiralcel OD). 
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5.1.2 Vinylogous Mukaiyama-aldol reaction 
 
5.1.2.1  Introduction 
 
Formulated for the first time in 1926 by Claisen,91 with the aim of explaining the acidic 
properties of β-keto aldehydes, the vinylogous concept can be defined as the transmission of 
electronic effects through a conjugate system. It is worth to note that the first review on this 
topic appeared one decade later,92 and that the first studies on the catalytic enantioselective 
vinylogous aldol-type reactions were initiated in 1994. 
The scarce attention focused on the latter transformation is highly surprising considering that 
the Michael reaction as an extension of the aldol reaction, where the electrophile is replaced 
with its vinylogous ketone analogue, in other words an α,β-unsaturated ketone (Scheme 57, 
entry 2). Indeed, in contrast with the deeply investigated and well-known Michael reaction, the 
vinylogous aldol reaction, where the nucleophile is extended to its vinylogous analogue has 
remained rather unexplored (Scheme 57, entry 3).93 
 
(1)
(2)
(3)
R1
O
R2 R3
O
+
O
R3aldol reaction
R1
O
R3
O
+
O
Michael reaction
R1
O
R2 R3
O
+
O
R3
vinylogous
aldol reaction
R2 R1
R2 O
R3
R2
R1 OH
R2
R1 OH  
 
Scheme 57. Aldol vs. Michael vs. vinylogous aldol reactions. 
 
Only limited developments were reported before the last decade. In contrast, nowadays the 
vinylogous aldol reaction appears to be of great interest.94 Indeed, this C–C bond-forming 
reaction can be used as a strategic disconnection for the stereocontrolled construction of 
                                               
91 L. Claisen, Ber. 1926, 59, 144. 
92 R. C. Fuson, Chem. Rev. 1935, 16, 1. 
93 For reviews covering the development until 2000: a) G. Rassu, F. Zanardi, L. Battistini, G. Casiraghi, Chem. 
Soc. Rev. 2000, 29, 109. b) G. Casiraghi, F. Zanardi, Chem. Rev. 2000, 100, 1929. 
94 For recent reviews: a) M. Kalesse, Top. Curr. Chem. 2005, 244, 43. b) S. E. Denmark, J. R., Jr. Heemstra, G. L. 
Beutner, Angew. Chem., Int. Ed. 2005, 44, 4682. 
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functionalized carbon chains. The process affords a δ-hydroxy-α,β-unsaturated carbonyl motif, 
in which the established hydroxyl-bearing stereogenic centre is homo allylic to a double bond, 
which can be functionalized further. 
As a consequence, the metal-catalyzed vinylogous aldol reaction with either chiral dienol 
silanes or chiral aldehydes has already found numerous applications in the total synthesis of 
natural products.95  
Whereas the aldol reaction leads to 1,3-difunctionalized compounds, the vinylogous 
transformation provides 1,5-difunctionalized aldol products (Scheme 57, entry 1 vs. 3). 
Nevertheless, in principle, when a dienol silane is treated with a carbonyl compound, both α- 
and δ-addition can occur, as shown in Scheme 58.  
R1
O
R2 R3
OTMS
+
O
R3
d-addition
R2
R1 OH
X
X
O
R3
X
d a
a-addition
OHR1
R2
a
d
119a: X = OTMS, OAlk
119b: X = H, Alk
120
121  
 
 
Scheme 58. Vinylogous Mukaiyama-aldol reaction: α- vs. δ-addition. 
 
In the case of the reaction with metallo-dienolates, it is supposed that the increased electron 
density at the carbon in α-position is responsible for the preferential formation of the α-aldol 
product. In contrast, the use of silyl dienol ethers of type 119a (X = OTMS, OAlk) can 
overcome this selectivity problem and products resulting from selective δ-addition are 
exclusively observed. In addition, to achieve high selectivities with silyl enol ethers of type 
119b (X = H, Alk), it seems that the use of a well-defined Lewis acid is necessary and the 
steric effects of the enolate substituents play a crucial role. Therefore, only limited examples 
describe the reaction with silyl enol ethers of type 119b, compared with the number of studies 
reporting the use of silyl dienol ethers of type 119a.  
                                               
95 Representative examples: a) Lepicidin A: D. A. Evans, W. C. Black, J. Am. Chem. Soc. 1993, 115, 4497. b) 
Swinholide A: I. Paterson, J. D. Smith, R. A. Ward, Tetrahedron 1995, 51, 9413. c) Ratjadone: M. Christmann, U. 
Bhatt, M. Quitschalle, E. Claus, M. Kalesse, Angew. Chem., Int. Ed. 2000, 39, 4364. d) Group A streptogramin: C. 
J. Brennan, J.-M. Campagne, Tetrahedron Lett. 2001, 42, 5195. e) Oleandolide: J. Hassfeld, M. Kalesse, 
Tetrahedron Lett. 2002, 43, 5093. f) J. Hassfeld, U. Eggert, M. Kalesse, Synthesis 2005, 1183. 
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A commonly exploited substrate in the addition to aldehydes is the so-called Chan's dienolate 
122,96 which is a protected acetoacetate. Hence, access to precursors of δ-hydroxy β-keto 
esters, or amides 124 and β-keto-δ-lactones 125 is provided (Scheme 59).  
O O
OTMS
R2R2
122a: R2 = Me,
122b: R2 = -(CH2)5-
R1
O
H
+
ML*
O O
O
R2R2
R1
OH
*
O
O
R1 O*
X = NHBn or OBu
LiAl(NHBn)4
or BuOH
K2CO3
Zn(NO3)2 
CH3OH
d b
O O
XR1
OH
*
122 123
124
125
123a: R2 = Me,
123b: R2 = -(CH2)5-
 
 
Scheme 59. Vinylogous Mukaiyama-aldol reaction between Chan's dienolate and aldehydes. 
 
 
In 1994 – 1995, Sato97 and Carreira98 reported independently the first examples of catalytic 
asymmetric vinylogous Mukaiyama-aldol reactions involving dienol silanes and aldehydes. 
The use of ligands previously employed for catalyzing Mukaiyama-aldol reactions was 
described. With (acyloxy)borane complex (CAB) 105b,97 a catalyst loading of 50 mol% was 
required for achieving high yields and enantioselectivities and a promising 76% ee was 
obtained (Table 13, entry 1). A number of ligands were then tested in this transformation. In 
Table 13, most of the ligand structures are summarized and the catalyst loading, the types of 
substrates involved in the reaction, some reaction conditions and the level of enantioselectivity 
are indicated.  
 
Table 13. Summary of various catalytic systems used in the enantioselective vinylogous Mukaiyama-aldol 
reaction between dienol silyl ethers and aldehydes. 
 
entry catalyst (mol%) substrate T (°C) solvent ee (%) 
OMe
OMe
O
O
OH
OH
OCO2H
105b  
1 
BH3•THF 
50 
O O
OTMS
R2R2  
 
 
–78 CH2Cl2 <7697 
                                               
96 T. H. Chan, P. Brownbridge, J. Chem. Soc., Chem. Commun. 1979, 578. 
97 a) M. Sato, S. Sunami, Y. Sugita, C. Kaneko, Chem. Pharm. Bull. 1994, 42, 839. b) M. Sato, S. Sunami, Y. 
Sugita, C. Kaneko, Heterocycles 1995, 41, 1435. 
98 R. A. Singer, E. M. Carreira, J. Am. Chem. Soc. 1995, 117, 12360. 
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OH
OH
108  
2 
Ti(Oi-Pr)4 
5 
O O
OTMS
R2R2
or 
TMSO OMe
OTMS
 
 
 
–78 THF <9999 
3 N
OH
OH
t-Bu
Br
109  
1 – 5 
O O
OTMS
R2R2  
 
 
0 Et2O 
<9298 
(99)(a) 
 
Ti(Oi-Pr)4, 
3,5-di-tert-butyl salicylic acid      
4 N
O
N
R
N
O
R
111  
10 
O O
OTMS
R2R2
or 
TMSO Ot-Bu
OTMS
 
 
 
–78 CH2Cl2 <9782, 100 
 Cu(SbF6)2      
5 
Ph
O
N N
O
Ph
H H
Cr
SbF6
-
126  
2.5 
O O
OTMS
R2R2  
 
 
–20 
toluene 
+i-PrOH 
(1 eq.) 
<97101 
6 N
N
P
Me
Me
N
O
(CH2)5
Me
2
127  
1 – 5 
O O
OTMS
R2R2  
 
 
–78 CH2Cl2 <95102 
 SiCl4      
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7 O
O OH
OH
Ar Ar
Ar Ar
Ar = 1-naphthyl
128
 
20 
O O
OTMS
R2R2  
 
 
–80 toluene <90103 
(a) After recrystallization. 
 
 
As shown in Table 13 (entry 2), the combined use of Ti(Oi-Pr)4 and BINOL 108 was decribed 
for catalyzing the enantioselective vinylogous Mukaiyama-aldol reaction. This catalytic system 
was intensively studied by Scettri's and co-workers99 and proved to promote very well this 
transformation affording the aldol product with up to 99% ee. 
 
Carreira reported the use of Ti(Oi-Pr)4 in combination with the Schiff base 109 (Table 13, entry 
3), affording the product with up to 92% ee (99% ee after recrystallization), using a very low 
catalyst loading (5 and 1 mol%).98 Additionally, catalysts based on BOX and PYBOX ligands 
110 and 111 were also tested (Table 13, entry 4) and an excellent level of enantioselectivity 
was observed using 0.5 mol% of promoter.82, 100 Some others ligands, which had not been 
previously applied in Mukaiyama-aldol reaction, proved to be efficient in the vinylogous 
version. Indeed, Katsuki described the application of a Cr-salen-complex 126 (entry 5)101 and 
Denmark evaluated a combined use of SiCl4 and bis(phosphoramide) ligand 127 (entry 6) for 
catalyzing the vinylogous Mukaiyama-aldol reaction.102 Recently, Rawal reported a hydrogen 
bond-catalyzed enantioselective vinylogous Mukaiyama-aldol reaction, using a TADDOL 
catalyst 128 (entry 7).103  
 
 
 
                                                
99 Selected articles: a) A. Soriente, M. De Rosa, P. Dovinola, G. Sodano, A. Scettri, Tetrahedron: Asymmetry 
1998, 9, 2197. b) M. De Rosa, M. R. Acocella, A. Soriente, A. Scettri, Tetrahedron: Asymmetry 2001, 12, 1529. c) 
R. Villano, M. De Rosa, C. Salerno, A. Soriente, A. Scettri, Tetrahedron: Asymmetry 2002, 13, 1949. d) M. De 
Rosa, M. R. Acocella, R. Villano, A. Soriente, A. Scettri, Tetrahedron: Asymmetry 2003, 14, 2499. e) R. Villano, 
M. R. Acocella, M. De Rosa, A. Soriente, A. Scettri, Tetrahedron: Asymmetry 2004, 15, 2421. 
100 D. A. Evans, M. C. Kozlowski, J. A. Murry, C. S. Burgey, K. R. Campos, B. T. Connell, R. J. Staples, J. Am. 
Chem. Soc. 1999, 121, 669. 
101 Y. Shimada, Y. Matsuoka, R. Irie, T. Katsuki, Synlett 2004, 57. 
102 S. E. Denmark, G. L. Beutner, J. Am. Chem. Soc. 2003, 125, 7800. 
103 V. B. Gondi, M. Gravel, V. H. Rawal, Org. Lett. 2005, 7, 5657. 
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Finally, a very effective catalytic system was introduced by Carreira, who described the 
combined use of Tol-BINAP, Cu(OTf)2 and TBAT in the reaction affording 129, as shown in 
Scheme 60.104  
PTol2
PTol2
129 (2.2 mol%)
O O
OTMS
Cu(OTf)2 (2 mol%)
TBAT (4 mol%)R H
O
R
OH O
O
O
THF, -78 °C
+
48 - 98%
65 - 95% ee
122a 123
 
 
Scheme 60. Cu-catalyzed vinylogous Mukaiyama-aldol reaction between Chan's dienolate and aldehydes by 
enolate activation as described by Carreira.104 
 
 
Because this catalyst system is entirely different to the others, some interesting remarks are 
necessary to be highlighted. In contrast with the usual mechanism, where an activated aldehyde 
is attacked by a dienol silane, Carreira's system activates the enolate.  
 
R1
O
H
R2
OTMS
+
O
R2
aldehyde activation
R1
  enolate activation
R1
O
H
LA*
R2
OML*
OH
*
 
 
 
Scheme 61. Aldehyde vs. enolate activation in the vinylogous Mukaiyama-aldol reaction. 
 
                                               
104 a) J. Krueger, E. M. Carreira, J. Am. Chem. Soc. 1998, 120, 837. b) B. L. Pagenkopf, J. Kruger, A. Stojanovic, 
E. M. Carreira, Angew. Chem., Int. Ed. 1998, 37, 3124. 
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As shown in Scheme 62, it was reasoned that a labile fluoride counterion in a soft metal 
complex would allow desilylation of the dienol silane, in turn followed by transmetallation. An 
activated enolate-metal complex would then be generated. Taking into account the difficulty to 
solubilize common metal fluorides, (Bu4N)-Ph3SiF2 (TBAT) was chosen for the in situ 
generation of a soft-metal fluoride Cu-complex. The combination of (S)-Tol-BINAP with 
Cu(OTf)2 and TBAT furnished an efficient catalyst leading to the aldol product with 
enantioselectivities of up to 95%.  
Interestingly, the reaction using the combination of (S)-Tol-BINAP with Cu(Ot-Bu) catalyzed 
the reaction in similar yields and selectivities. A Cu(I)-enolate was thus hypothesized as the 
active species and confirmed later by react-IR experiments.104b  
Guided by these findings, the following catalytic cycle was proposed (Scheme 62). 
O O
OTMS
O O
OR
OH
*
O O
OCuL*
O O
OR
*LCuO
*
R
O
H
Tol-BINAP
Cu(OTf)2
TBAT
CuF(Tol-BINAP)
TMSF
O O
OTMS
 
Scheme 62. Catalytic cycle proposed by Carreira for the vinylogous Mukaiyama-aldol reaction by enolate 
activation.104b 
 
As noted before, Chan's dienolate is the most commonly used, due to initial difficulties 
encountered in the case of the reaction with silyl dienol ether of type 119b where X ¹ OAlk or 
OTMS (see in Scheme 59). Nevertheless, Campagne described in 1999 pioneering 
investigations for the mechanistically different but more general, catalytic asymmetric 
vinylogous Mukaiyama-aldol reaction between aldehydes and silyl vinyl ketene acetals (X = 
H).105  
                                                
105 G. Bluet, J.-M. Campagne, Tetrahedron Lett. 1999, 40, 5507. 
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R1
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Scheme 63. Aldehyde vs. enolate activation in vinylogous Mukaiyama-aldol reaction as described by 
Campagne.105 
 
 
Both aldehyde and enolate activation methods were investigated, using either the combination 
of Ti(Oi-Pr)4 and (R)-BINOL (conditions A) or (S)-Tol-BINAP, Cu(OTf)2 and TBAT 
(conditions B) as catalyst. The formation of the δ-hydroxy α,β-unsaturated keto esters 120 in 
good yields with 48 – 77% ee was reported. Remarkable is also the perfect regioselectivity 
observed, inducing the exclusive formation of δ-aldol products. Indeed, initially the reaction 
between metallo-dienolates and aldehydes was described to be unselective and this problem 
had been overcome by the use of a Lewis acid. Here, the enolate activation using the catalyst 
system described by Carreira, provided the aldol products not only in good yields and 
enantioselectivities, but also circumvented the problem of regioselectivity.  
 
Table 14. Reaction between dienol silane 119b and aldehydes either by aldehyde activation (conditions A) or 
enolate activation (conditions B). 
 
entry aldehyde conditions(a) yield (%) ee (%)(b) 
1 A 45 75 (S) 
2 
benzaldehyde 
B 80 70 (S) 
3 A 25 75 (S) 
4 
2-naphthaldehyde 
B 70 48 (S) 
5 A 45 60 (S) 
6 
cinnamaldehyde 
B 35 56 (S) 
7 A 18 70 (S) 
8 
isobuteraldehyde 
B 68 77 (S) 
(a) Conditions A: Ti(i-O)4/(R)-BINOL (20 mol%), CH2Cl2, r.t. Conditions B: (S)-Tol-BINAP, Cu(OTf)2, TBAT 
(10 mol%), THF, r.t. (b) The enantiomeric ratios were determined by HPLC using a chiral stationary phase 
(Chiralcel OJ, OD). 
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Later, Denmark extended the use of SiCl4/bis(phosphoramide) catalyst to a very broad range of 
dienol silanes, including not only silyl vinyl ketene acetals (R2 = OAlk), but also simple 
ketone-derived silyl dienol ethers (R2 = Alk, Ar), as shown in Scheme 64.106 
N
N
P
Me
Me
N
O
(CH2)5
Me
HR1
O
R2
OTMS
R3
R4
R5+ R
1
OH O
R2
R3
R4
R5
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R1 = Ph, PhCH=CH, 
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         PhCºCH
R2 = OMe, OEt, Ot-Bu, 
         Ph, t-Bu
R3 = R4 = R5 = H, Me
 SiCl4  (1.1 eq.)
2
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Scheme 64. Si-catalyzed vinylogous Mukaiyama-aldol reaction by use of bis(phosphoramide) ligand 127 decribed 
by Denmark.106 
 
Table 15. Representative substrates used in Si-catalyzed vinylogous Mukaiyama-aldol reaction in combination of 
bis(phosphoramide) ligand 127.  
 
entry product yield (%) δ/α ratio dr er (%)(b) 
1 
Ph
OH O
OEt
 
89 >99:1 -- 99.0:1.0 
2 Ph
OH O
OMe
 
93 >99:1 -- 99.5:0.5 
3 
Ph
OH O
OEt
 
91 >99:1 -- 96.0:4.0 
4 Ph
OH O
Ot-Bu
 
92 >99:1 >99:1 94.5:5.5 
5 
Ph
OH O
Ph
 
80 >99:1 -- 99.0:1.0 
(b) Determined by CSP-SFC. 
 
                                               
106  S. E. Denmark, J. R. Heemstra, Jr., Synlett 2004, 2411. 
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As shown in Table 15, the reaction does proceed with very high regio-, diastereo-, and 
enantioselectivities. Moreover, it is worth to note that this transformation found application in 
the total synthesis of macrolide RK-397.107  
Very recently, additional variations on the dienol silanes by the use of conjugated N,O-silyl 
ketene acetals (R2 = NMe2, NEt2, N(CH2)2, N(CH2CH2)2O) were reported.108 
Additionally, Evans reported the enantioselective reaction between aldehydes and dienol 
silanes by the use of Cu(II)/PYBOX catalyst.109  
As a nice example applying these catalytic systems, Floreancig described an efficient total 
synthesis of (+)-Dactylolide, involving a Peterson olefination, a Prins reaction and two 
vinylogous Mukaiyama-aldol reactions [one used the Denmark's SiCl4/bis(phosphoramide) 
catalyst, the second one Evans' Cu(II)/PYBOX].110 
Nevertheless, it is worth to note that all the reactions mentioned so far utilized exclusively 
aldehydes as carbonyl compounds. Indeed, examples with the reaction between silyl dienol 
ethers and ketones have remained rather limited and to the best of our knowledge, only the 
reaction involving Chan's dienolate with activated ketones, such as pyruvate esters has been 
reported. 111 In this reaction, described by Pagenkopf, a bis(oxazoline)-derived compound 110 
was employed as ligand (Scheme 65). 
OO
OTMS
OO
O
MeO
O
OHMe
MeO
Me
O
O
O
N N
O
OR1 R1OR2 R2
CuX2 (5 mol %)
THF, 12 h
then TFA
+
112a 122a 123a
110 (5 mol %)
 
 
 
Scheme 65. Vinylogous Mukaiyama-aldol reaction between Chan's dienolate and methyl pyruvate as described by 
Pagenkopf.111 
 
 
 
                                               
107 S. E. Denmark, S. Fujimori, J. Am. Chem. Soc. 2005, 127, 8971. 
108 S. E. Denmark, J. R. Heemstra, Jr., J. Am. Chem. Soc. 2006, 128, 1038. 
109 D. A. Evans, E. Hu, J. D. Burch, G. Jaeschke, J. Am. Chem. Soc. 2002, 124, 5654. 
110 D. L. Aubele, S. Wan, P. E. Floreancig, Angew. Chem, Int. Ed. 2005, 117, 3485. 
111 J. C.-D. Le, B. L. Pagenkopf, Org. Lett. 2004, 6, 4097. 
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The optimization of the ligand architecture is depicted in Table 16. Interestingly, Pagenkopf 
reported a notably enhanced enantioselectivity by modification of the ligand structure, at best, 
by introduction of an ortho-methoxy group (R1 = Me). This observation is reminescent to our 
previous results concerning the positive effect of the ortho-methoxy aryl sulfoximine in Diels-
Alder and hetero-Diels-Alder and Mukaiyamam-adol reactions.51a, 55, 56 The combination of the 
ortho-methoxy group (R1) and the  t-Bu group (R2), afforded the best enantioselectivity (entry 
3). Comparison with the other results proved that influence from both these substituents (R1, 
R2) are of great importance. 
 
Table 16. Screening of ligands and the effect of the counterion in vinylogous Mukaiyama-aldol reaction described 
by Pagenkopf.(a) 
 
entry bis(oxazoline) copper source yield (%) ee (%)(b) 
1 R1 = H R2 = H Cu(OTf)2 70 11 (S) 
2 R1 = Me R2 = H Cu(OTf)2 80 39 (S) 
3 R1 = (CH2)2Cl R2 = t-Bu Cu(OTf)2 75 11 (S) 
4 R1 = Me R2 = t-Bu Cu(OTf)2 78 76 (S) 
5 R1 = Me R2 = t-Bu CuCl2 81 90 (S) 
(a) Reaction conditions: dienol silane 122a (1.1 eq.), methyl pyruvate (112a) (1.0 eq.), Cu(X)2 (5 mol%), BOX 
110 (5 mol%), THF, –78 °C, 12 h. (b) The enantiomeric ratios were determined by HPLC using a chiral stationary 
phase (Chiralcel AD). 
 
In this work, great improvment was obtained by replacing the triflate counterion with chloride. 
Using the best ligand discovered so far (R1 = Me R2 = t-Bu, Table 16, entry 4) in combination 
with CuCl2 afforded the aldol product in 81% yield with 90% ee (entry 5).  
Next, investigations on the temperature effect were studied. Increasing the temperature from    
–78 °C to –20 °C gave the best result and 94% ee was thereby achieved. The optimized 
conditions for this catalytic system were thus the use of an oxazoline ligand bearing an ortho-
methoxy group at the phenyl moiety, in combination with CuCl2 at –20 °C in THF for 12 h. 
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5.1.2.2  Application of aminosulfoximines as ligands in vinylogous Mukaiyama-aldol 
reaction 
 
In the work of the present dissertation, application of aminosulfoximines 47 in Cu-catalyzed 
enantioselective vinylogous Mukaiyama-aldol reaction between Chan's dienolate and pyruvate 
esters as described by Pagenkopf was first investigated. Considering as very attractive the fact, 
that the reaction between pyruvate esters and silyl vinyl ketene acetals as nucleophilic partner 
has not yet been reported, studies focused then on the use of the same catalyst in this 
transformation affording γ,δ-unsaturated α-hydroxy esters. The optimization of the reaction 
conditions and investigations on the substrate scope were studied and are described herein. 
 
For the first trial of aminosulfoximines as ligands in reaction between pyruvate esters and 
Chan's dienolate, it was chosen to perform the reaction at room temperature in THF for 12 h, 
using 10 mol% of catalyst preformed with mesityl aminosulfoximine 47h and Cu(OTf)2. As 
shown in Scheme 66, the aldol product was obtained in 88% yield with promising 
enantioselectivity of 63% ee. The aminosulfoximine 47j was then tested in order to examine 
the effect of the ortho-methoxy group, but only lower yield (66%) and selectivity (57% ee) 
were observed.  
OO
OTMS
OO
O
MeO
O
OHMe
MeO
Me
O
O
Cu(OTf)2 (10 mol %)
THF, 12 h
then TFA
+
112a 122a 123a
NS
O
Ph
Me
HN
Mes
NS
O
Me HN
Mes
OMe
47h 47j
or
 (10 mol %)
88%, 63% ee (by use of 43h) 
66%, 57% ee (by use of 43j)  
 
Scheme 66. Vinylogous Mukaiyama-aldol reaction between Chan's dienolate and methyl pyruvate by the use of 
Cu(OTf)2 and aminosulfoximines 47h or 47j as catalyst. 
 
Then, the effect of the counterion was studied (Table 17). Unfortunately, replacing the triflate 
counterion with the chloride did not positively influence the course of the reaction, as described 
by Pagenkopf. Here, only moderate yield and almost racemic mixture (5% ee) were generated 
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(entry 1). On the other hand, the use of Cu(ClO4)2 was also inappropriate, giving the product 
with 26% ee (entry 2). 
 
Table 17. Optimizations of the reaction conditions in Cu-catalyzed vinylogous Mukaiyama-aldol reaction using 
aminosulfoximine 47h as ligand.(a) 
 
entry copper source solvent additive T (°C) yield (%)
 ee (%)(b) 
1 CuCl2 THF – r.t. 54 5 (S) 
2 Cu(ClO4)2 THF – r.t. 73 26 (S) 
3 Cu(OTf)2 THF CF3CH2OH r.t. 93 66 (S) 
4 Cu(OTf)2 THF CF3CH2OH –50 64 69 (S) 
5 Cu(OTf)2 Et2O – r.t. 51 70 (S) 
6 Cu(OTf)2 Et2O CF3CH2OH –50 97 76 (S) 
(a) Reaction conditions: dienol silane 122a (1.1 eq.), methyl pyruvate (112a) (1.0 eq.), Copper source (10 mol%), 
aminosulfoximine 47h (10 mol%), 12 h. (b) The enantiomeric ratios were determined by HPLC using a chiral 
stationary phase (Chiralcel AD). 
 
Next, it was anticipated that 2,2,2-trifluoroethanol, which already proved to be an effective 
additive in Mukaiyama-Michael and Mukaiyama-aldol type reactions 88, 56 may accelerate the 
catalytic activity in the vinylogous version. Confirming our hypothesis, better yield (93% vs. 
88%) was achieved and simultaneously the enantioselectivity was enhanced to 66% ee (entry 
3). Subsequently, lowering the temperature to –50 °C or performing the reaction in Et2O 
increased the enantioselectivity. Finally, optimized conditions were reached by the use of 10 
mol% of catalyst preformed with mesityl aminosulfoximine 47h and Cu(OTf)2 in Et2O at         
–50 °C, in the presence of 2,2,2-trifluoroethanol as an additive. Thus, the aldol product was 
obtained in  97 % yield with 76% ee (entry 6). Although much effort has been done to optimize 
the reaction, these first results seemed to show that BOX-derivated ligands were superior 
ligands compared to the sulfoximines for catalyzing this tranformation.  
 
Studies were then focused on reactions between pyruvate esters and silyl vinyl ketene acetals 
which, to the best of our knowledge, have never been described. This transformation would 
result in the formation of γ,δ-unsaturated α-hydroxy diesters with a quaternary stereogenic 
centre (Scheme 63), which is a highly functionalized motif and a useful building block for the 
synthesis of natural products.112 
                                               
112 J. S. Kingsbury, E. J. Corey, J. Am. Chem. Soc. 2005, 127, 13813. 
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As a test reaction for the screening of ligands, the reaction between methyl pyruvate (112a) and 
(1-tert-butoxy-buta-1,3-dienyloxy)-tert-butyl dimethyl silane (130) affording unsaturated 
hydroxydiester 131a, was investigated (Scheme 67). The experiments were performed at room 
temperature in THF for 24 h, using Cu(OTf)2 as a metal source. 
 
O
Me Ot-Bu
OTBDMS
+
O
Ot-Bu
Me OH
MeO
O
MeO
O47 (10 mol%)
Cu(OTf)2 (10 mol%)
THF, r.t., 24 h
112a 130 131a  
 
Scheme 67. Test reaction for the screening of aminosulfoximines 47 as ligands in the reaction between methyl 
pyruvate (112a) and dienol silane 130. 
 
The results of a first screening of aminosulfoximines are depicted in Table 18. A promising 
enantiomeric excess of 82% was attained by the use of the unsubstituted phenyl-bridged 
mesitylaminosulfoximine 47h (entry 1). But neither the introduction of substituents at the 
aromatic core unit (entries 2 – 7), nor at the sulfoximine part (entry 8) showed significant 
influence, affording products in moderate yields with enantioselectivities ranging from 75 to 
82% ee. 
 
Table 18. Effect of the ligand structure in Cu(II)-catalyzed reaction between methyl pyruvate (112a) and dienol 
silane 130.(a) 
 
entry aminosulfoximine yield (%) ee (%)(b) 
1 
N HNS
O
Ph
Me Mes47h  
50 82 (R) 
2 
N HNS
O
Ph
Me
F
Mes47a  
38 78 (R) 
3 
N HNS
O
Ph
Me
CF3
Mes47b  
48 75 (R) 
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4 
N HNS
O
Ph
Me
OCH3
Mes47c  
35 80 (R) 
5 
N HNS
O
Ph
Me
CH3
Mes47d  
39 82 (R) 
6 
N NHS
O
Ph
Me
CH3
Mes47e  
43 79 (R) 
7 
N HNS
O
Ph
Me
H3C CH3
Mes47f  
43 79 (R) 
8 N HNS
O
Me
Mes
OMe
47j  
31 76 (S) 
(a) Reaction conditions: dienol silane 130 (1.1 eq.), methyl pyruvate (112a) (1.0 eq.), Cu(OTf)2 (10 mol%), 
aminosulfoximines 47 (10 mol%), THF, r.t., 24 h. (b) The enantiomeric ratios were determined by HPLC using a 
chiral stationary phase (Chiralcel AD). 
 
 
 
In a second screening, the N-benzyl arene group was modified (Table 19). The use of ligands 
bearing a naphthyl, 2,6-dichlorobenzyl or an ortho-methoxy benzyl group prompted a decrease 
of both the activity and the selectivity of the catalyst (entries 1 – 3), whereas the 2,4,6-triethyl 
benzyl and the isityl ligands enhanced the catalysis with 83% and 85% ee, respectively (entries 
4 – 5).  
 
 
 
Application in Catalysis 
 
75 
Table 19. Effect of the ligand structure in Cu(II)-catalyzed reaction between methyl pyruvate (112a) and dienol 
silane 130.(a) 
 
entry aminosulfoximine* yield (%) ee (%)(b) 
1 N HNS
O
Ph
Me
47k
 
7 37 (R) 
2 N HNS
O
Ph
Me
Cl
Cl47l
 
23 81 (R) 
3 N HNS
O
Ph
Me
OMe
47m
 
11 50 (R) 
4 N HNS
O
Ph
Me
47n
 
59 83 (R) 
5 
N HNS
O
Ph
Me Isi47i  
48 85 (R) 
(a) Reaction conditions: dienol silane 130 (1.1 eq.), methyl pyruvate (112a) (1.0 eq.), Cu(OTf)2 (10 mol%), 
aminosulfoximines 47 (10 mol%), THF, r.t., 24 h. (b) The enantiomeric ratios were determined by HPLC using a 
chiral stationary phase (Chiralcel AD). 
 
As a result of these two screenings of ligands, aminosulfoximine 47i having an isityl group on 
the benzylamino moiety gave the best result (48% yield, 85% ee). It is noteworthy that this 
aminosulfoximine was already the most effective ligand involved in Mukaiyama-aldol 
reaction.56 
                                               
* These ligands were prepared by M. Langner. 
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At this stage, the absolute configuration of the γ,δ-unsaturated α-hydroxy diester 131 was 
determined by its conversion to the known 2-acetocitromalate (132), as shown in Sheme 68. 
First the alcohol group was protected, with the aim of increasing the solubility of the final 
product. Then, oxidative cleavage with catalytic RuCl3•H2O afforded the corresponding acid, 
which was subsequently converted to the acyl chloride and finally to the methyl ester to afford 
2-acetocitromalate (132). 
 
MeO
O
O
OHO Me
MeO
O
AcO Me
OMe
O
131a 132
1) AcOH, pyridine
2) NaIO4, RuCl3 H2O
3) (COCl)2, then MeOH
 
 
 
 
Scheme 68. Determination of the absolute configuration of 131a by its conversion into 132. 
 
 
 
The optical rotation of the resulting 2-acetocitromalate (132) was measured and the assignment 
of the absolute configuration was allowed by correlation with the reported value. As such, the 
measured optical rotation of compound 132 ([a]D20 = +28.2, c = 1.1, CHCl3) compares well 
with the one of the reported (R)-enantiomer ([a]D20 = +33.4, c = 1.0, CHCl3), which 
demonstrated that the (R)-enantiomer of γ,δ-unsaturated α-hydroxy diester 131a was formed in 
preference, when (S)-aminosulfoximine 47i was used as ligand.  
 
Thus, using (S)-aminosulfoximine as ligand in vinylogous Mukaiyama-aldol reaction, a 
reversal of enantioselectivity was observed depending on the use of the dienol silane: either the 
Chan's dienolate or dienol silane 130. The stereochemistry observed can be rationalized by 
comparison of two Cram-models, as shown in Scheme 69. These models are in agreement with 
a similar one reported by Sato, who explained the selectivity obtained in the reaction between 
the Chan's dienolate and aldehydes.97b Here, a first model shows the preference for the 
formation of the (S)-product in the reaction between Chan's dienolate and pyruvate esters 
(Scheme 69, left side), whereas the formation of the (R)-product is favoured in the case of the 
reaction between silyl vinyl ketene acetal and pyruvate esters (Scheme 69, right side). 
Consequently, these models give an explanation for the reversal of selectivity observed. 
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Scheme 69. Reversal of stereochemical outcome in the reaction between Chan's dienolate or silyl vinyl ketene 
acetal with pyruvate esters explained by Cram-models.97b 
 
In addition to these experiments and taking into account the potential instability of both the 
substrates and the product at ambient temperature, the reaction time was shortened from 24 to 
12 h. To our delight, notable improvement in terms of yield was observed (66% after 12 h, 48% 
after 24 h), while the enantioselectivity was unaffected.  
Next, the study focused on the variation of the solvent and it was revealed that weakly 
coordinating or aromatic solvents such as THF, Et2O, dioxane or toluene were crucial for 
achieving good enantioselectivities (Table 20). Surprisingly, only traces of product were 
observed when the reaction was performed in dichloromethane, whereas a very good yield 
(90%) was previously reported in Cu-catalyzed Mukaiyama-aldol using the same catalyst. The 
most suitable solvent proved to be Et2O affording the γ,δ-unsaturated α-hydroxy diester 131a in 
76% yield with a high enantioselectivity of 92 % ee (Table 20, entry 5). 
 
Table 20. Influence of the solvent in the Cu(II)-catalyzed reaction between methyl pyruvate (112a) and dienol 
silane 130. (a) 
 
entry solvent yield (%) ee (%)(b) 
1 THF 66 85 
2 CH2Cl2 traces n.d. 
3 dioxane 47 85 
4 toluene 30 91 
5 Et2O 76 92 
6c THF 92 85 
7 c Et2O 75 92 
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(a) Reaction conditions: methyl pyruvate (112a) (1.0 eq.), dienol silane 130 (1.1 eq.), Cu(OTf)2 (10 mol%), 
aminosulfoximine 47i (10 mol%), r.t., 12 h. (b) The enantiomeric ratios were determined by HPLC using a chiral 
stationary phase (Chiralcel AD). (c) CF3CH2OH (1.2 eq.) was used. 
 
Encouraged by the effect of 2,2,2-trifluoroethanol as an additive, its use in this transformation 
was studied as well. The reaction performed in THF in the presence of this additive was 
notably accelerated and the γ,δ-unsaturated α-hydroxy diester 131 was isolated in a very good 
yield of 92%, albeit the enantiomeric excess was unaffected (Table 20, entry 6). In contrast, no 
improvement was observed when the reaction was carried out in Et2O (Table 20, entry 7). 
Consequently, THF proved to be superior to other solvents in terms of yield, whereas Et2O led 
to the highest enantioselectivity, affording 131a with 92% ee.  
 
Additional optimizations were performed in regard to the Cu(II) salts (Table 21). In contrast 
with the Cu-catalyzed Mukaiyama-aldol, where good to high enantioselectivities were 
observed using several counterions, here, Cu(OTf)2 proved to be the most suitable Cu source 
for catalyzing the vinylogous Mukaiyama-aldol reaction. Others metal sources afforded the 
product 131a in rather low yields (0 – 26% yield) and the enantiomeric excesses were reduced 
(entry 2) or non-existent (entries 3 – 6). 
 
Table 21. Influence of the Cu source in the reaction between methyl pyruvate (112a) and dienol silane 130.(a) 
 
entry copper source yield (%) ee (%)(b) 
1 Cu(OTf)2 75 92 
2 Cu(ClO4)2 26 71 
3 Cu(PF6)2 20 -- 
4 Cu(OAc)2 12 -- 
5 Cu(SO4) 4 -- 
6 Cu(SbF6)2 -- n.d. 
(a) Reaction conditions: methyl pyruvate (112a) (1.0 eq.), dienol silane 130 (1.1 eq.), CuX2 (10 mol%), 
aminosulfoximine 47i (10 mol%), CF3CH2OH (1.2 eq.), Et2O, r.t., 12 h. (b) The enantiomeric ratios were 
determined by HPLC using a chiral stationary phase (Chiralcel AD). 
 
Furthermore, the temperature, the reaction time and the catalyst loading were also optimized 
(Table 22). In this context, the reaction was first tried at –78 °C for 12 h. The yield was 
increased from 75% (at ambient temperature) to 80% and also the enantioselectivity from 92 to 
96% ee (entry 1). Therefore, the time period of the reaction carried out at room temperature 
was shortened to 5 h. Under these conditions, the product was isolated in a higher yield of 85% 
and the selectivity was unaffected (92% ee, entry 2).  
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Besides, lowering the catalyst loading from 10 mol% to 5 mol% and 1 mol% decreased the 
reaction rate and the product was obtained in moderate yields (64 and 60%, entries 3 and 4 
respectively). However, enantiomeric excesses remained remarkably high under these 
conditions and satisfactory values of 90% and 86% ee, respectively, were attained.  
 
Table 22. Influence of temperature, reaction time and catalyst loading in Cu(II)-catalyzed reaction between 
methyl pyruvate 112a and dienol silane 130.(a) 
 
entry cat (mol%) time (h) T (°C) yield (%) ee (%)(b) 
1 10 12 –78 80 96 
2 10 5 r.t. 85 92 
3 5 5 r.t. 64 90 
4 1 5 r.t. 60 86 
(a) Reaction conditions: methyl pyruvate 112a (1.0 eq.), dienol silane 130 (1.1 eq.), Cu(OTf)2, aminosulfoximine 
47i, CF3CH2OH (1.2 eq.), Et2O. (b) The enantiomeric ratios were determined by HPLC using a chiral stationary 
phase (Chiralcel AD). 
 
Finally, in order to evaluate the substrate scope, the applicability of various pyruvate esters 112 
and other silyl vinyl ketene acetals were examined in the Cu-catalyzed vinylogous Mukaiyama-
aldol reaction using aminosulfoximine 47i as ligand. All catalyses were performed in Et2O, 
using 10 mol% of the catalyst preformed with mesityl aminosulfoximine and Cu(OTf)2, in the 
presence of the additive. For each substrate, two runs were effected. The first one was 
performed with convenient conditions of 5 h at room temperature (method A) and the second 
one for 12 h at –78 °C (method B) with the aim of enhancing the enantioselectivity, as it is 
generally observed in asymmetric metal catalysis. 
 
A first screening of substrates focused on modifications of the the size of the ester group of the 
pyruvate esters (R1) as shown in Scheme 70. 
 
R1
O
Ot-Bu
OHO R2
131
O
R2 Ot-Bu
OTBDMS
+R1O
O 47i (10 mol%)
Cu(OTf)2 (10 mol%)
Et20, CF3CH2OH
112 130  
 
 
Scheme 70. Substrate scope of the vinylogous Mukaiyama-aldol reaction catalyzed by combination of Cu(OTf)2 
and aminosulfoximine 47i. 
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Table 23. Substrate scope: variations on the ester group R1 (R2 = Me).(a) 
 
entry keto ester product method yield (%) ee (%)(b) 
1 A 85 92 
2 O
Me
MeO
O
112a  
MeO
O
Ot-Bu
OHO Me
131a  
B 80 96 
3 A 83 91 
4 O
Me
BnO
O
112b  
BnO
O
Ot-Bu
OHO Me
131b  
B 72 97 
7 A 58 91 
8 O
Me
O
O
112c  
O
O
Ot-Bu
OHO Me
131c  
B 69 99 
5 A 81 91 
6 O
Me
EtO
O
112d  
EtO
O
Ot-Bu
OHO Me
131d  
B 77 97 
(a) Reaction conditions: pyruvate esters 112 (1.0 eq.), dienol silane 130 (1.1 eq.), Cu(OTf)2 (10 mol%), 
aminosulfoximine 47i (10 mol%), CF3CH2OH (1.2 eq.), Et2O. (b) The enantiomeric ratios were determined by 
HPLC using a chiral stationary phase (Chiralcel AD). 
Method A: 5 h at room temperature; Method B: 12 h at –78 °C. 
 
It was observed that replacing the ester group of the pyruvate esters (R1 = OMe) by more steric 
hindered ones (R1 = OBn, OEt, or Oi-Pr) had only a minor effect in this transformation. The 
γ,δ-unsaturated α-hydroxy diesters C were obtained in good yields at room temperature with 
high enantioselectivities of 91 – 92% ee. Lowering the temperature to –78 °C allowed the 
formation of the products with excellent enantiomeric excesses of 96 – 99% ee (Table 23). 
Next, variations on the keto group of the pyruvate esters (R2= Ph, p-NO2-Ph, CH2Bn, or i-Pr) 
were studied and the results of this screening is depicted in Table 24.  
 
Table 24. Substrate scope: variations on the keto group (R2).(a) 
 
entry pyruvate ester product method(b) yield (%) ee (%)(c) 
1 A 88 89 
2 O
Ph
MeO
O
112i  
MeO
O
Ot-Bu
OHO Ph
131i  
B 72 93 
3 A 50 90 
4 O
Ph
EtO
O
112j  
EtO
O
Ot-Bu
OHO Ph
131j  
B 31 94 
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5 A 62 68 
6 
O
EtO
O
NO2
112f
 
EtO
O
Ot-Bu
OHO
NO2
131f
 
B 27 77 
7 A 68 92 
8 O
EtO
O
112e  
EtO
O
Ot-Bu
OHO
131e
 
B 43 93 
9 A 38 76 
10 
O
EtO
O
112h  
EtO
O
Ot-Bu
OHO
131h  
B 30 80 
(a) Reaction conditions: pyruvate esters 112 (1.0 eq.), dienol silane 130 (1.1 eq.), Cu(OTf)2 (10 mol%), 
aminosulfoximine 47i (10 mol%), CF3CH2OH (1.2 eq.), Et2O. (b) The enantiomeric ratios were determined by 
HPLC using a chiral stationary phase (Chiralcel AD, OD). 
Method A: 5 h at room temperature; Method B: 12 h at –78 °C. 
 
 
The reaction proceeded smoothly when the enlarged Ph group was involved, providing the 
product with high enantioselectivities of 93 and 94% ee in the cases of R1 = Me or Et 
respectively, after 12 h at –78 °C (entries 2 and 4). The same level of enantioselectivity (93% 
ee, entry 8) was reached by the use of 2-oxo-4-phenyl-butyric acid ethyl ester 112e (R2= CH2-
Bn). But the use of more sterically hindered 3-methyl-2-oxo-butyric acid ethyl ester 112h (R2= 
i-Pr) caused a decrease of both reactivity and enantioselectivity (38%, 76% ee, method A and 
30%, 80% ee, method B). Additionally, the evaluation of an electronic effect was initiated by 
introduction of a nitro group (R2= p-NO2-Ph, entries 5 – 6). Low and moderate yields were 
observed (62% and 27% using methods A and B, respectively) and the enantioselectivity 
decreased notably (68% and 77% using methods A and B, respectively). Given that electron-
withdrawing groups at the electrophile may enhance the reactivity towards a nucleophilic 
attack, it seems that the lower yields stem from the instability of the product and that the 
resulting reactivity acceleration caused a decrease of the selectivity. 
Subsequent variations of both partners involved in the Cu-catalyzed vinylogous Mukaiyama-
aldol were tested in order to investigate more deeply the scope of the reaction. 
First, instead of pyruvate esters, the application of glyoxylates as electrophiles was examined. 
An initial attempt was carried out at room temperature for 5h (conditions of the method A) 
between ethyl glyoxylate and silyl vinyl ketene acetal 130.  
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Scheme 71. Cu-catalyzed vinylogous Mukaiyama-aldol reaction between ethyl glyoxylate (117) and silyl vinyl 
ketene acetal 130 using aminosulfoximine 47i as ligand. 
 
 
As shown in Scheme 71, a moderate yield (48%) and an unsatisfactory enantioselectivity of 
21% were observed. Considering that glyoxylates gave also modest results in Cu-catalyzed 
Mukaiyama-aldol reaction,59 no further studies with this type of electrophile were pursued. 
In addition, the use of another silyl vinyl ketene acetal was tested and thus trimethylsilyl vinyl 
ketene acetal derived from the ethyl crotonate 134 was used instead of the tert-butyl analogue 
130, in the reaction with methyl pyruvate (112a). Applying this nucleophile, the best results so 
far in terms of enantioselectivity were observed, with the formation of the corresponding 
product 135 in 68% yield with 97% ee after 5h at room temperature, and in 81% yield with 
99% ee after 12 h at –78 °C.  
 
MeO
O
OEt
OHO MeO
Me OEt
OTMS
+MeO
O 47i (10 mol%)
Cu(OTf)2 (10 mol%)
Et20, CF3CH2OH
68%, 97% ee (Method A)
81%, 99% ee (Method B)
134 135112a
 
 
Scheme 72. Cu-catalyzed vinylogous Mukaiyama-aldol reaction between methylpyruvate (112a) and silyl vinyl 
ketene acetal 134 using aminosulfoximine 47i as ligand. 
 
 
Taking into account that the nucleophile 134 gave better results than the previous one (dienol 
silane 130) (Table 2, entries 1 – 2 vs. Scheme 68), its use was continued for the following 
studies. 
It was then interesting to evaluate the applicability of this reaction to electrophiles such as non-
activated ketones. In this context, only one example was reported by Campagne in which 
Carreira's system involving enolate activation by the use of Tol-BINAP, Cu(OTf)2 and TBAT, 
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was employed.113 Interestingly, formation of α,β-unsaturated lactones was observed, instead of 
the linear γ,δ-unsaturated α-hydroxy esters, as shown in Scheme 73. 
R1
O
R2 OEt
OTMS
+
O
OEtR2
R1 OH
O
R1
R2
O
ketone activation
  enolate addition
?
 
 
Scheme 73. Enolate vs. aldehyde activation for the formation of α,β-unsaturated lactones or γ,δ-unsaturated α-
hydroxy esters, respectively.  
 
Considering this result, it appeared attractive to search for a complementary catalyst system 
which would afford the corresponding γ,δ-unsaturated α-hydroxy esters. Unfortunately, 
applying aminosulfoximine 47i in the Cu-catalyzed reaction between silyl vinyl ketene acetal 
134 and acetophenone, only traces of the desired aldol product could be detected (Scheme 74). 
 
O
Me OEt
OTMS
+
47i (10 mol%)
Cu(OTf)2 (10 mol%)
Et2O, CF3CH2OH
Ph
traces
O
OEtPh
Me OH
O
Ph
Me
O
0%
134
136
137
 
 
Scheme 74. Attempt to generate γ,δ-unsaturated α-hydroxy ester 137 by reaction between ketone and silyl vinyl 
ketene acetal 134. 
 
The use of symmetric butane-2,3-dione was then tested. In this case, switching from one 
condition (5h at room temperature, method A) to the other one (12h at –78 °C, method B) had a 
great influence on the enantioselectivity, as shown in Scheme 75. 
                                               
113 a) G. Bluet, B. Bazan-Tejeda, J.-M. Campagne, Org. Lett. 2001, 3, 3807. b) X. Moreau, B. Bazan-Tejeda, J.-M. 
Campagne, J. Am. Chem. Soc. 2005, 127, 7288. 
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Cu(OTf)2 (10 mol%)
Et2O, CF3CH2OH
57%,  9% ee (Method A)
77%, 76% ee (Method B)
138 134 139
 
 
Scheme 75. Cu-catalyzed vinylogous Mukaiyama-aldol reaction between butane-2,3-dione and silyl vinyl ketene 
acetal 134 using aminosulfoximine 47i as ligand. 
 
Indeed, a poor selectivity of 9% ee was observed at room temperature, whereas a respectable ee 
of 76% was attained by lowering the temperature to –78 °C. Using this substrate, the effect of 
the temperature and the reaction time may be studied in order to find optimized conditions. 
 
Lastly, applying an imine as electrophilic partner in this transformation seemed worth trying. 
Because it resembles methyl pyruvate 112a, the α-imino ethyl glyoxylate 140 was chosen and 
investigated in the reaction with silyl vinyl ketene acetal 134.  
 
EtO
O
OEt
ON HN
H OEt
OTMS
+EtO
O
47i (10 mol%)
Cu(OTf)2 (10 mol%)
Et2O, CF3CH2OHPMB HPMB
74%, 0% ee (Method A)
134140 141
 
 
Scheme 76. Cu-catalyzed vinylogous Mukaiyama-aldol reaction between imine 140 and silyl vinyl ketene acetal 
134 using aminosulfoximine 47i as ligand. 
 
 
Unfortunately the product was obtained in racemic form. According to the use of glyoxylate as 
electrophilic partner, it seems that mono-substituted carbonyl or imine functions are 
inappropriate for this Cu-catalyzed transformation using aminosulfoximines 47 as ligands. 
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5.1.3 Carbonyl-ene reaction 
 
5.1.3.1  Introduction 
 
Established in 1943 by Alder,114 the ene reaction represents one of the most simple and 
therefore important ways for C–C bond formation, involving C–H bond activation. Indeed, in 
this reaction an olefin bearing an allylic hydrogen and an enophile react through a six-electron 
pericyclic process to generate two σ-bonds after migration of the π-bond. The carbonyl-ene 
reaction is the specific class of ene reaction involving a carbonyl compound as the enophile.115 
 
H
X
Y
X
Y
H
X Y C O C NC S C C C C: , , , ,
 
 
Scheme 77. General mechanism for the ene reaction. 
 
A number of Lewis acids have been developed with the aim of exploiting them as promoters or 
catalysts for this transformation. As a first example, Yamamoto reported in 1988 an 
asymmetric ene reaction catalyzed by a chiral organoaluminum reagent (Scheme 78).116  
 
OH
OH
SiPh3
SiPh3
R2
R1
O
H
144a: R2 = SPh 
144b: R2 = Me
+
142 (20 mol%)
 CH2Cl2, -78 °C, 4 A MS
R1
OH
R2
143a: R1 = C6F5 
143b: R1 = CCl3
up to 88% ee
AlMe3 (20 mol%)
°
143 144 145
*
 
 
Scheme 78. First catalytic enantioselective carbonyl-ene reaction described by Yamamoto.116 
                                               
114 K. Alder, F. Pascher, A. Schmitz, Ber. Dtsch. Ges. 1943, 76, 27. 
115 K. Mikami, T. Nakai in Catalytic Asymmetric Synthesis, Second Edition; I. Ojima (Ed.), Wiley-VCH, 2000, 
543. 
116 K. Maruoka, Y. Hoshino, T. Shirasaka, H. Yamamoto, Tetrahedron Lett. 1988, 29, 3967. 
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The reaction between pentafluorobenzaldehyde and 2-(phenylthio)propene afforded the ene 
product in 88 % yield with 88% ee, using 20 mol% of the catalyst. Of special interest is that the 
presence of 4Å molecular sieves was indispensable for the catalytic reaction to proceed. 
Presumably, the role of 4Å molecular sieves is to favour the formation of the catalyst complex, 
without influencing the catalytic reaction. This conclusion was drawn according to a test 
experiment in which the preparation of the catalyst was carried out in the presence of 4Å 
molecular sieves, which was then removed by filtration before starting the reaction, and given 
that the results of the test experiment and the original one showed the same level of activity and 
enantioselectivity. The reaction with chloral (143a) afforded the ene product in moderate 50% 
yield with 53% ee, while the use of 2-methylpropene (144b) instead of 2-(phenylthio)propene 
(144a) provided the product in 79% yield with 78% ee. 
A catalyst prepared from BINOL and Ti(Oi-Pr)2X2, already described above for the 
Mukaiyama-aldol reaction and its vinylogous version, proved also to be a suitable ligand for 
catalyzing the carbonyl-ene reaction (Scheme 79).117 The reaction was conducted with ethyl 
glyoxylate (117) as carbonyl compound and various 1,1-disubstituted olefins 146. High 
enantiocontrol (up to 98% ee) and rate acceleration were usually observed as summarized in 
Table 78. 
 
OH
OH
R2
+
108 (1 - 10 mol%)
 CH2Cl2, -30 °C, 4 A MS
OH
R2
up to 98% ee
H
O °
Ti(Oi-Pr)2X2 (1 - 10 mol%)
R1H R1
X = Br, Cl
EtO
O
EtO
O
117 146 147
 
 
 
Scheme 79. Ti-catalyzed carbonyl-ene reaction by the use of BINOL 108 as ligand described by Mikami.117 
 
 
 
 
 
                                               
117 K. Mikami, M. Terada, T. Nakai, J. Am. Chem. Soc. 1990, 112, 3949. 
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Table 25. Reaction between ethyl glyoxylate (117) and various olefins 146, catalyzed by the combination of 
BINOL (108) with Ti(Oi-Pr)2Br2 or Ti(Oi-Pr)2Cl2. 
 
entry olefin counterion cat. (mol%) yield (%) ee (%) 
1 
 
Cl 10 72 95 (R) 
2 Cl 1 97 97 (R) 
3 
Ph
 Br 1 98 95 (R) 
4 
 
Br 5 73 98 (R) 
5 Cl 10 87 48 (R) 
6  Br 5 92 89 (R) 
7 Cl 10 82 97 (R) 
8  Br 5 89 98 (R) 
 
Evans reported the use of BOX ligands 110 in combination with Cu(OTf)2 or Cu(SbF6)2 for 
catalyzing the carbonyl-ene reaction with same types of substrates than in the latter 
transformation.118 In addition to Mikami's system, here, the reaction with pyruvate esters, 
which had not been reported before, was catalyzed as well. 
O
N N
O
Cu
X = -OTf or -SbF6
110 (5 - 10 mol%)
O
N N
O
Cu
2+
2X -
H2O OH2
R1O
R2
O
O
R4
112a: R1 = Me, R2 = Me
117  : R1 = Et,  R2 = H
+ R1O
O
R4
R2 OH
up to 99% ee
CH2Cl2
H R
3
R3
2+
2X - or
146 147: R1 = Et, R2 = H
148: R1 = Me, R2 = Me
 
Scheme 80. Carbonyl-ene reaction catalyzed by the combination of CuX2 and BOX-derived ligands described by 
Evans.118 
                                               
118 D. A. Evans, S. W. Tregay, C. S. Burgey, N. A. Paras, T. Vojkovsky, J. Am. Chem. Soc. 2000, 122, 7936. 
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Interestingly, in the reaction with ethyl glyoxylate and methylene cyclohexane, both [Cu((S,S)-
t-Bu-BOX)](SbF6)2 and [Cu((S,S)-t-Bu-BOX)](OTf)2 afforded the ene products with high 
enantiocontrol but with inverse stereochemistry. The bis(aquo)complex [Cu((S,S)-t-Bu-
BOX)(H2O)2](SbF6)2, a convenient bench stable complex, was also applicable in this 
transformation providing the product with up to 97% ee. 
The results obtained in the reaction between methyl pyruvate (112a) and various 1,1-
disubstituted olefins 146 catalyzed by [Cu((S,S)-t-Bu-BOX)](SbF6)2 are summarized in Table 
26. 
 
Table 26. Cu(II)/BOX-catalyzed reaction between methyl pyruvate and various olefins. 
 
entry olefin cat. (mol%) T (°C) yield (%) ee (%) 
1 
 
10 25 90 >99 (S) 
2 50 25 50 >99 (S) 
3  20 40 84 98 (S) 
4 
 
10 40 76 98 (S) 
5 
Ph  
5 40 94 98 (S) 
 
 
As mentioned before (Section 5.1.1.1 and 5.1.2.1), Carreira used a chiral BINOL-derived 
Schiff base ligand in combination with Ti(Oi-Pr)4 for catalyzing the aldol reaction involving 
ketene silyl acetals and its vinylogous version. A similar system was applied to the carbonyl-
ene-type reaction between 2-methoxy propene (149) and various aldehydes.119 As shown in 
Scheme 81, an excellent level of enantioselectivity (up to 98% ee) was attained.  
                                               
119 E. M. Carreira, W. Lee, R. A. Singer, J. Am. Chem. Soc. 1995, 117, 3649. 
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+
up to 98% ee
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109 (10 mol%)
143 149 150
 
 
Scheme 81. Carbonyl-ene reaction catalyzed by the combination of Ti(Oi-Pr)4 and Schiff base 109 as ligand 
described by Carreira.119 
 
 
Moreover, examples of carbonyl-ene reaction between glyoxylate esters and vinyl-substituted 
arenes 152, such as α-methyl styrene, extended the scope of the reaction. In this context, 
enantioselective carbonyl-ene reaction was described by Ding, using the combination of 6,6'-I2- 
or 6,6'-(CF3)2-BINOL (151) and Ti(Oi-Pr)4 at very low catalyst loadings (0.01 mol%).120 
 
Ar
Me
OH
OH
151 (0.1 - 0.01 mol%)
Ti(Oi-Pr)4 (0.1 - 0.01 mol%)
toluene
0 °C, 48 h
+
up to 98% ee
X
X
Ar = Ph, 4-Cl-Ph, 
4-F-Ph, 4-CH3-Ph
H
O OH
Ar
X = I, CF3
EtO
O
EtO
O
117 152 153
 
 
Scheme 82. Carbonyl-ene reaction catalyzed by the combination of 6,6'-I2- or 6,6'-(CF3)2-BINOL (151) and  
Ti(Oi-Pr)4 described by Ding.120 
 
                                               
120 Y. Yuan, Z. Xue, K. Ding, Angew. Chem., Int. Ed. 2003, 42, 5478. 
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Using the same types of substrates, Singh attempted very recently to understand the reversal of 
enantioselectivity observed in Evans' glyoxylate-ene reaction, by the use of Cu(II)/BOX 
catalysts bearing either a –OTf or a –SbF6 counterion.121 Indeed, it was assumed that the 
opposite stereochemistry observed stems from a change in the metal centre geometry from 
square-planar to tetrahedral, but no prove of this hypothesis was provided. 
Inspired by this idea, and with the aim of introducing conformational rigidity in the substituents 
at the stereogenic centres, the two bisoxazolines of types 154 and 155 were prepared by Singh 
(Scheme 83). As summarized in Table 27, a reversal of enantioselectivity was observed by 
switching from ligand 154 to 155. The authors proposed that, although four-coordinated Cu(II)-
complexes usually prefer square-planar geometry, here, bisoxazoline 154 and ethyl glyoxylate 
117 formed a tetrahedral complex with Cu(OTf)2, due to a π-π-staking between a phenyl group 
of the ligand and the carbonyl moiety of the glyoxylate. 
 
Ar
Me Cu(OTf)2 (5 mol%)
CHCl3, 4A MS
0 °C, 3 - 8 h
+
up to 100% eeAr = Ph, 4-Cl-Ph, 4-F-Ph
H
O OH
Ar
O
N N
O
O
N N
O
Ph
Ph
Ph
Ph
°
or
EtO
O O
EtO
117 152
154 155
153
(5 mol%)
 
 
Scheme 83. Carbonyl-ene reaction catalyzed by the combination of BOX-derived ligands 154 or 155 and 
Cu(OTf)2 described by Singh.120 
 
Table 27. Reaction between ethyl glyoxylate (117) and various olefins 152 catalyzed by the combination of BOX-
derived ligands 154 or 155 and Cu(OTf)2. 
 
entry olefin ligand T (°C) yield (%) ee (%) 
1 
 
A 
OH
EtO
O
 
46 94 (S) 
                                               
121 M. K. Pandey, A. Bisai, V. K. Singh, Tetrahedron Lett. 2006, 47, 897. 
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2 
F
 
A 
OH
F
EtO
O
 
31 91 (S) 
3 
Cl
 
A 
OH
Cl
EtO
O
 
32 100 (S) 
4 
 
B 
OH
EtO
O
 
64 71 (R) 
5 
F
 
B 
OH
F
EtO
O
 
40 52 (R) 
6 
Cl
 
B 
OH
Cl
EtO
O
 
42 68 (R) 
 
Although all the catalytic systems discussed so far were restricted to 1,1-disubstituted olefins, 
Mikami reported a chiral Segphos-derived catalyst capable of circumventing this problem in 
the reaction with trifluoropyruvate 157 (Scheme 84).122  
R2O
CF3 +
156 (5 mol%)
  CH2Cl2, r.t., 0.5 - 1 h
R2
up to 97% ee
PPh2
PPh2O
O
O
O
HO CF3
R3
R1H
R3
R1
PdCl2 (5 mol%)
AgSbF6 (10 mol%)EtO
O
EtO
O
157 158 159
 
Scheme 84. Carbonyl-ene reaction catalyzed by the combination of Segphos-derived 156 as ligand and 
PdCl2/AgSbF6 described by Mikami.122 
                                               
122 K. Mikami, K. Aikawa, S. Kainuma, Y. Kawakami, T. Saito, N. Sayo, H. Kumobayashi, Tetrahedron: 
Asymmetry 2004, 15, 3885. 
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The high enantioselectivity observed was rationalized by a shielding effect of the diphenyl 
groups on the phosphorous atoms, caused by the narrow dihedral angle of metal complexes 
with Segphos. Noteworthy is also the role of the electron-withdrawing trifluoromethyl 
substituent on the electrophile, which allowed the reaction with mono-, 1,2-disubstituted or 
trisubstituted olefins to proceed. Indeed, using non-fluorinated pyruvate, lower yields were 
observed (Table 28). 
 
 
Table 28. Reaction between ethyl glyoxylate (117) and various olefins 158 catalyzed by Segphos-derived 156 as 
ligand and PdCl2/AgSbF6. 
 
 
entry olefin product yield (%) ee (%) ratio 
1 
 
EtO2C
HO CF3
*
*
 
80 84 syn:anti = 2:98 
2 n-C3H7  
EtO2C
HO CF3
n-C3H7*
 
79 97 E/Z = 100:0 
3 
Ph
 
EtO2C
HO CF3
Ph*
 
>99 96 E/Z = 100:0 
4 
 
EtO2C
HO CF3
* *
 
64 92 syn:anti = 1:91 
5  EtO2C
HO CF3
* *
 
65 96 E/Z = 100:0 syn:anti = 4:96 
 
 
 
As a further extension of the reaction scope, Evans described enantioselective Sc-catalyzed 
carbonyl-ene reactions in which various 1,1-, 1,2-disubstituted, or trisubstituted olefins reacted 
with N-phenyl glyoxamide (Scheme 85).123 The ene products were obtained in good yields with 
high enantioselectivity and syn:anti ratios of up to 24:1, in the case of trisubstituted olefins. 
                                               
123 D. A. Evans, J. Wu, J. Am. Chem. Soc. 2005, 127, 8006. 
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Scheme 85. Carbonyl-ene reaction between N-phenyl glyoxamide (160) and 1,1-, di- and tri-substituted olefins 
158 catalyzed by the combination of BOX-derived ligands 155 or 111 and Sc(OTf)3 described by Evans.123 
 
5.1.3.2  Application of aminosulfoximines as ligands in carbonyl-ene reactions* 
 
Given that various catalytic systems used in the Mukaiyama-aldol reaction and/or in the 
vinylogous Mukaiyama-aldol reaction proved to be also effective for catalyzing carbonyl-ene 
reactions,124 and encouraged by the results of C1-symmetric aminosulfoximines 47 in these 
reactions, the application of this class of ligand was endeavoured in carbonyl-ene reaction.  
Methyl pyruvate (112a) was chosen as electrophile, since its activation by coordination to the 
Cu and aminosulfoximine 47 was proved by the high enantioselectivity achieved in 
Mukaiyama-aldol reaction with enol silanes and its vinylogous version with dienol silanes. 
Especially interesting was also that, as noticed in the latter introduction, only one catalytic 
system capable of mediating the intermolecular addition of olefins to pyruvate esters, was 
reported so far.118  
As a model reaction, the addition of methylene cyclopentane (146a) (5 eq.) to methyl pyruvate 
(112a) in the presence of 10 mol% of Cu(II) salt and mesitylaminosulfoximine 47h, was 
chosen. By analogy to Evans' conditions, the reaction was performed at room temperature in 
dichloromethane for a period of 2 d (Scheme 86).  
                                               
* This project was realized in collaboration with M. Langner. 
124 Ti/BINOL, Cu/BOX, Cu/PYBOX, Ti/Schiff base. For details see introductions (Sections 5.1.1.1, 5.1.2.1 and 
5.1.3.1). 
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Scheme 86. Model reaction for the Cu-catalyzed carbonyl-ene reaction between methyl pyruvate (112a) and 
methylene cyclopentane (146a) using 47h as ligand.  
 
 
Table 29. Effect of the counterions in carbonyl-ene reaction between methyl pyruvate (112a) and methylene 
cyclopentane (146a) using 47h as ligand.(a) 
 
entry copper source yield (%) ee (%)(b) 
1 Cu(OTf)2 29 86 (R) 
2 Cu(ClO4)2 63 87 (R) 
3 Cu(BF4)2 29 79 (R) 
4 Cu(SbF6)2(c) 24 70 (R) 
5 Cu(PF6)2 -- n.d. 
(a) Reaction conditions: methyl pyruvate (112a) (1 eq.), methylene cyclopentane (146a) (5 eq.), CuX2 (10 mol%), 
aminosulfoximine 47h (10 mol%), CH2Cl2, r.t., 2 d. (b) The enantiomeric ratios were determined by HPLC using a 
chiral stationary phase (Chiralcel OB-H). (c) 20 mol% of copper source was used. 
 
As a result of this initial investigation (Table 29, entry 1), hydroxy ester 147a was obtained 
with a promising 86% ee, albeit the yield was rather low (29%). In order to increase the yield, 
the reaction was carried out at 40 °C using 20 mol% of catalyst. Unfortunately no positive 
effect was observed under these conditions.  
Attention was then focused on the optimization of the counterion. In these experiments, 
Cu(ClO4)2, Cu(BF4)2, Cu(SbF6)2 and Cu(PF6)2 salts were prepared in situ. As shown in Table 29 
(entry 2), the use of Cu(ClO4)2 led to a significant increased yield (63% vs. 29%), but the 
enantioselectivity was not affected (87% ee vs. 86%). Since other counterions lowered both the 
yield and the enantioselectivity (entries  3 – 5), Cu(ClO4)2 was used as a metal source in the 
latter studies. 
 
Next, the effect of the ligand structure was investigated. In this sense, a multitude of 
aminosulfoximines 47 were readily accessible and tested. As the starting point of the study, the 
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variation of the benzylamino rest was performed (Ar1, Figure 14). The results of the screening 
of aminosulfoximines are summarized in Table 30.  
 
NS
O
Ar2
Me
HN
Ar1
R
47  
 
Figure 14. Modifications of the ligand architecture of aminosulfoximines 47. 
 
Table 30. Ligand screening: modifications on Ar1.(a) 
 
entry aminosulfoximine(c) yield (%) ee (%)(b) 
1 Ar1 = mesityl 63 87 (R) 
2 Ar1 = isityl 25 79 (R) 
3 Ar1 = pentamethylbenzyl 43 86 (R) 
4 Ar1 = 2,6-dichlorobenzyl 58 85 (R) 
5 Ar1 = o-methoxyphenyl 4 71 (R) 
6 Ar1 = 2,4,6-trimethoxybenzyl 4 31 (R) 
7 Ar1 = 1-naphthyl 6 45 (R) 
8 Ar1 = cyclohexyl 11 51 (R) 
9 Ar1 = benzyl -- n.d. 
10 Ar1 = p-methylbenzyl -- n.d. 
(a) Reaction conditions: methyl pyruvate (112a) (1 eq.), methylene cyclopentane (146a) (5 eq.), Cu(ClO4)2 (10 
mol%), CH2Cl2, r.t., 2 d. (b) The enantiomeric ratios were determined by HPLC using a chiral stationary phase 
(Chiralcel OB-H). (c) Ar2 = Ph; R = H. 
 
 
As a first observation, the use of isityl aminosulfoximine 47i instead of mesityl 
aminosulfoximine 47h led to both decreased yield and enantioselectivity (Table 33, entry 2 vs. 
entry 1). Results obtained by the use of pentamethylbenzyl aminosulfoximine or 2,6-
dichlorobenzyl (entries 3 – 4) were slightly lower than those using mesityl aminosulfoximine 
47h. And all other aminosulfoximines tested (entries 5 – 10) afforded the product with lower 
enantioselectivities ranging from 31% to 71% ee, while the yields dropped dramatically (0 to 
11%). 
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Secondly, modification of the aryl sulfoximine bound to sulfur (Ar2, Figure 14) was studied. 
Stimulated by the efficiency of (R)-S-(ortho-methoxy-phenyl)-S-methylsulfoximine 47j (Ar2 = 
ortho-methoxyphenyl) in Diels-Alder and hetero-Diels-Alder reactions, its applicability in 
carbonyl-ene reaction was tested.125 However, the same level of enantioselectivity (86% ee) 
was attained and a low yield (23%) was observed. 
 
Finally, a screening of the newly prepared substituted phenyl-bridged sulfoximines was carried 
out (R ¹ H, Figure 14). According to the best result so far (Table 30, entry 1), Ar1 = mesityl 
and Ar2 = Ph, were chosen. Moreover, the applicability of indole-bridged aminosulfoximine 87 
was also investigated. As shown in Table 31, the course of the catalysis varied depending on 
the position, as well as the steric and electronic properties of the introduced substituents R. 
Indole-bridged aminosulfoximine 87 (entry 7) and 4-methoxyphenyl-bridged 
aminosulfoximine 47c (entry 3) did not afford the desired hydroxy ester 147a. All other ligands 
catalyzed the transformation and very satisfactory results were obtained. Apart from 4-
trifluorophenyl-bridged aminosulfoximine 47b which led to the less effective catalyst (76% ee, 
entry 2), enantioselectivities greater than 80% ee were produced. The best value of 91% ee 
could be achieved by using 4-methyl phenyl-bridged aminosulfoximine 47d (entry 4). 
 
Table 31. Screening of ligand: introduction of substituents on the phenyl-bridged aminosulfoximine.(a) 
 
entry aminosulfoximine yield (%) ee (%)(b) 
1 
N HNS
O
Ph
Me
F
Mes47a  
62 84 (R) 
2 
N HNS
O
Ph
Me
CF3
Mes47b  
32 76 (R) 
                                               
125 As expected, the R-enantiomer was formed, in contrast with the S-enantiomer when the S-configured ligands 
were applied. 
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3 
N HNS
O
Ph
Me
OCH3
Mes47c  
-- -- 
4 
N HNS
O
Ph
Me
CH3
Mes47d  
50 91 (R) 
5 
N NHS
O
Ph
Me
CH3
Mes47e  
44 80 (R) 
6 
N HNS
O
Ph
Me
H3C CH3
Mes47f  
49 86 (R) 
7 
NS
O
Me
Ph
N
H
87  
-- -- 
(a) Reaction conditions: methyl pyruvate (112a) (1 eq.), methylene cyclopentane (146a) (5 eq.), Cu(ClO4)2 (10 
mol%), CH2Cl2, r.t., 2 d. (b) The enantiomeric ratios were determined by HPLC using a chiral stationary phase 
(Chiralcel OB-H). 
 
With the goal of increasing the yield of the reaction (50% yield for the best enantioselectivity 
of 91% ee, entry 4), other solvents were investigated. Apart from dichloromethane, 
dichloroethane proved to be suitable, albeit both the yield and the enantioselectivity dropped 
slightly. Other chlorinated solvents such as 1,1,1-trichloroethane or 1,1,2-trichloroethane and 
weakly coordinating ethers such as THF or MTBE, were inappropriate for this transformation 
leading (if any) very low conversion. When performed in chloroform, the enantioselectivity 
achieved was slightly better, but the yield very low (18%).  
Furthermore, the utilization of additives such as 2,2,2-trifluoroethanol, water, or TSMOTf had 
no positive effect in accelerating the rate of the catalysis. 
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Investigations on the substrate scope were then initiated. When α-methyl styrene (152a) was 
reacted with methyl pyruvate (112a), the reaction conditions necessitated optimization before 
achieving acceptable conversion of the carbonyl compound. By the use of aminosulfoximine 
47h, Cu(ClO4)2 (10 mol%) and 10 eq. of α-methyl styrene (152a), the ene product was afforded 
with 86% ee, albeit the yield was very low (11%). Increasing the amount of olefin to 20 eq. and 
the catalyst loading to 30 mol%, improved the yield into 44%, and simultaneously the 
enantioselectivity into 88%. Finally, as shown in Scheme 87, using the combination of 50 
mol% of Cu(II) and 4-methyl phenyl-bridged aminosulfoximine 47d under these optimized 
conditions, the product was isolated in 53% yield with 91% ee.  
 
 
+MeO
Me
O
O
MeO
O
153a
*
Me OH
Cu(ClO4)2 
aminosulfoximine
CH2Cl2, r.t., 2 d
112a 152a  
 
 
 
Scheme 87. Cu-catalyzed carbonyl-ene reaction between methyl pyruvate (112a) and α-methyl styrene (152a) 
using aminosulfoximine 47d as ligand. 
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5.2 Application of the C1-symmetric phosphanoylsulfoximines (P,N-ligands) 
 
As a part of our objectives (see Section 3), application of C1-symmetric 
phosphanoylsulfoximines 34 and 88 in the enantioselective metal catalysis was endeavoured. 
Among the heterodendate C1-symmetric ligands reported in the literature, the class of P,N-
ligands is one of the most investigated.126 By the use of such compounds, not only steric factors 
will induce enantioselectivity, but also electronic effects will be prompted by the nature of the 
different donor atoms.  
The use of 6-membered ring complexes is commonly described and includes, for example, 
complexes where the metal is coordinated by the phosphorus atom of a diphenylphosphine and 
the nitrogen of an sulfinamide,127 oxazolidine, 128 pyridyl, etc.129 (Figure 15). 
 
N PPh2S
O
Me
Ph
PPh2
O
N
R1R2
PPh2
O
N PPh2
O
SPPh2
O
NR
PPh2N
PPh2N
R
S
O
R
34
sulfinamide N-donor oxazolidine N-donor pyridyl N-donor
oxazine N-donor oxazinane N-donor oxathiane N-donor
M
 
 
Figure 15. P,N-Ligands generating 6-membered ring complexes, reported in the literature.126–129 
 
                                               
126 a) G. Chelucci, G. Orru, G. A. Pinna, Tetrahedron 2003, 59, 9471. b) P. J. Guiry, C. P. Saunders, Adv. Synth. 
Catal. 2004, 346, 497. 
127 L. B. Schenkel, J. A. Ellman, Org. Lett. 2003, 5, 545. 
128 M.-J. Jin, J.-A. Jung, S.-H. Kim, Tetrahedron Lett. 1999, 40, 5197. 
129 a) K. Ito, R. Kashiwagi, K. Iwasaki, T. Katsuki, Synlett 1999, 1563. b) Y. Okuyama, H. Nakano, H. Hongo, 
Tetrahedron: Asymmetry 2000, 11, 1193. c) K. Ito, R. Kashiwagi, S. Hayashi, T. Uchida, T. Katsuki, Synlett 2001, 
284. d) T. Mino, S. Hata, K. Ohtaka, M. Sakamoto, T. Fujita, Tetrahedron Lett. 2001, 42, 4837. e) H. Nakano, J.-i. 
Yokoyama, R. Fujita, H. Hongo, Tetrahedron Lett. 2002, 43, 7761. f) E.-K. Lee, S.-H. Kim, B. H. Jung, W.-S. 
Ahn, G.-J. Kim, Tetrahedron Lett. 2003, 44, 1971.  
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Moreover, Pfaltz reported the use of a 5-membered ring complex with pyrPHOX ligands 162, 
in Ir-catalyzed hydrogenation of olefins.130 Worthy of note is the similarity of structure 
between the indole-bridged phosphanoylsulfoximine 88 and pyrPHOX 162, shown in Scheme 
16. 
 
NS
O
Me
Ph
N
PPh2
M
88
N
N
PPh2
M
O
R
N PPh2S
O
Ph
Me M
162 48a  
 
Figure 16: P,N-Ligands generating 5-membered ring complexes, reported in the literature.129, 57 
 
 
Another example of 5-membered ring complex was recently published by Moessner and Bolm. 
As mentioned before (Section 2), phosphanoylsulfoximine 48a (Figure 15) proved to be 
efficient ligand for catalyzing Pd-catalyzed allylic alkylation and Ir-catalyzed hydrogenation of 
imines.58 
Guided by these results, it was decided to test indole-bridged phosphanoylsulfoximine 88 and 
naphthalene-bridged phosphanoylsulfoximine 34 in the same reactions. Both 
phosphanoylsulfoximines were thus applied in Pd-catalyzed allylic alkylation (Scheme 88) and 
Ir-catalyzed hydrogenation of imines (Scheme 89).* Disappointingly, phosphanoylsulfoximines 
88 and 34 proved to be unsuitable for catalyzing both reactions and no conversion of the 
starting material could be observed.  
N PPh2S
O
Me
Ph NS
O
Me
Ph
N
PPh2
88
Ph Ph
OAc
CO2EtEtO2C Ph Ph
*+
[Pd(allyl)Cl]2 (2.5 mol%)
CH2Cl2
 (15 mol%)
EtO2C CO2Et
or
34
43 44 45  
 
Scheme 88. Attempted Pd-catalyzed allylic alkylation using phosphanoylsulfoximines 34 or 88. 
                                               
130 A. Pfaltz, J. Blankenstein, R. Hilgraf, E. Hormann, S. McIntyre, F. Menges, M. Schonleber, S. P. Smidt, B. 
Wustenberg, N. Zimmermann, Adv. Synth. Catal. 2003, 345, 33. 
* These catalyses were performed by C. Moessner and J. Sedelmeier. 
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Scheme 89 Attempted Ir-catalyzed hydrogenation of imines using phosphanoylsulfoximines 34 or 88. 
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5.3 Applications of the C2-symmetric naphthalene-bridged bissulfoximine     
(N,N-ligand) 
 
5.3.1 Naphthalene-bridged bissulfoximine in Diels-Alder reaction 
 
In the course of the optimizations of the reaction conditions for the Diels-Alder reaction 
catalyzed by copper complexes bearing C2-symmetric phenyl-bridged bissulfoximine 30, it was 
demonstrated that electron-donating substituents on the phenyl bridge enhance the 
enantioselectivity. Indeed, in the reaction between cyclopentadiene (163) and 
acryloyloxazolidinone (164) in dichloromethane at –70 °C, the enantioselectivity could be 
increased from 75% to 81% ee using the ligand bearing two methyl groups on the phenyl 
bridge 30b (Table 32, entry 2). Moreover, commonly ligands applied in Diels-Alder reactions 
are bisoxazoline derivatives, which form a 6-membered ring by coordination to the metal, in 
contrast with the C2-symmetric phenyl-bridged bissulfoximines 30, which form a 5-membered 
ring after complexation. Guided by these two observations, C2-symmetric naphthalene-bridged 
bissulfoximine 33 appeared to be an interesting candidate for catalyzed Diels-Alder reactions. 
 
N N SS Me
O O
Ph
Me Ph
N NS
O
Me
Ph S
O
Me
Ph
M
M M
O
N N
O
R R
Me Me
3330b 110  
Figure 17. C2-symmetric compounds (N,N-ligands) generating 5- or 6-membered ring complexes.  
 
The naphthalene-bridged bissulfoximine 33 was tested in the reaction between cyclopentadiene 
(163) and acryloyloxazolidinone (164), using the optimized conditions described for the 
reaction using the phenyl-bridged bissulfoximines 30 (conditions B, Table 32). 131  
N
O
O
O
NO O
O
+
33 (10 mol%)
Cu(OTf)2 (10 mol%)
163 164 165
CH2Cl2, - 70 °C, 2 d
 
 
Scheme 90. Enantioselective Diels-Alder reaction catalyzed by C2-symmetric bissulfoximine 33. 
                                               
131 M. Martin, RWTH Dissertation Thesis 2002. See also ref. 51a. 
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Table 32. Enantioselective Diels-Alder reaction catalyzed by C2-symmetric bissulfoximines 30a, 30b, 30c and 33. 
 
entry aminosulfoximine conditions(a) yield (%) endo/exo ee (%)(b) 
1 
N N SS Me
O O
Ph
Me Ph30c  
A 98 93:7 75 
2 
N N SS Me
O O
Ph
Me Ph
Me Me
30b  
A 98 93:7 81 
3 N N SS
O O
Me
Me
OMe
MeO
Me Me
30a  
B 98 89:11 93 
4 N NS
O
Me
Ph S
O
Me
Ph
33  
B 87 89:11 74 
(a) Reaction conditions A: cyclopentadiene (163) (4 eq.), acryloyloxazolidinone (164) (1 eq.), Cu(OTf)2 (10 
mol%), bissulfoximine 30 or 33 (10 mol%), CH2Cl2, –70 °C, 2 d. Reaction conditions B: cyclopentadiene (163) (4 
eq.), acryloyloxazolidinone (164) (1 eq.), Cu(ClO4)2 (10 mol%), bissulfoximine 30 or 33 (10 mol%), CHCl3, –60 
°C, 48 h. (b) The enantiomeric ratios were determined by HPLC using a chiral stationary phase (Chiralcel OD). 
 
 
Unfortunately, although the endo/exo ratio observed was satisfactory (89:11), the yield was 
lower than the one attained by the use of phenyl-bridged bissulfoximines 30 (87% vs. 98%), 
and only the 74% ee value was attained, while 93% ee was achieved by the use of 
bissulfoximine 30a. 
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5.3.2 Naphthalene-bridged bissulfoximine in metal catalyzed 1,3-dipolar cycloaddition 
 
Asymmetric 1,3-dipolar cycloaddition reaction between an alkene and a nitrone is one of the 
most powerful protocols for the construction of 5-membered heterocyclic rings. The resulting 
optically active isoxazolidines are very useful building blocks in total synthesis,132 in particular 
after conversion into γ-amino alcohols through reductive cleavage of the nitrogen-oxygen bond, 
as shown in Scheme 91. 
N
OR3 R1
R2
N
R3 O
R2
R1 +
ML*
X
O
O
X
N
OR3 R1
R2
O
X
R1 R2
COOH
R1 R2
COOH
NH2
OH NH2
OH
166 167
168: endo
169: exo
170
171  
 
 
Scheme 91. 1,3-Dipolar cycloaddition reaction between an alkene and a nitrone. 
 
 
 
Remarkably, the 1,3-dipolar cycloaddition reaction between dipoles and olefinic dipolarophiles 
activated by a chiral Lewis acid, allows the formation of three contiguous asymmetric centres 
in the isoxazolidine adduct, which implied the great challenge of regio-, diastereo- and 
enantioselective controls.  
First reported by Jørgensen in 1994, the cycloaddition of nitrones with electron-deficient 
alkenes was catalyzed by a titanium catalyst generated in situ from Ti(Oi-Pr)2Cl2 and 
TADDOL ligand.133 Later, Jørgensen and others (Kanemasa, Iwasa, Kobayashi, Furukawa, and 
so on) developed different catalytic systems for the reaction between N-
benzylidenemethylamine N-oxide and acryloyl-oxazolidinone (Scheme 91).  
 
                                                
132 M. Frederickson, Tetrahedron 1997, 53, 403. 
133 K. V. Gothelf, K. A. Jørgensen, J. Org. Chem. 1994, 59, 5687. 
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Scheme 92. 1,3-Dipolar cycloaddition reaction between acryloyl-oxazolidinone (166a) and N-
benzylidenemethylamine N-oxide (167a).  
 
 
 
Complexes of Ti,133, 134 Mg,135 Mn,136 Yb,137 Ni,138 Pd139 with several C2-symmetric ligands 
such as TADDOL, BOX, PYBOX, DBFOX, XABOX were intensively studied, affording 
products in good to excellent enantioselectivities. 
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Ph Ph
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Figure 18. C2-symmetric ligands applied in 1,3-dipolar cycloaddition reaction acryloyl-oxazolidinone (166a) and 
N-benzylidenemethylamine N-oxide (167a).133–139 
 
 
                                               
134 K. B. Jensen, K. V. Gothelf, K. A. Jørgensen, Helv. Chim. Acta 1997, 80, 2039. 
135 K. V. Gothelf, R. G. Hazell, K. A. Jørgensen, J. Org. Chem. 1996, 61, 346. 
136 S. Iwasa, Y. Ishima, H. S. Widagdo, K. Aoki, H. Nishiyama, Tetrahedron Lett. 2004, 45, 2121. 
137 a) A. I. Sanchez-Blanco, K. V. Gothelf, K. A. Jorgensen, Tetrahedron Lett. 1997, 38, 7923. b) S. Kobayashi, 
M. Kawamura, J. Am. Chem. Soc. 1998, 120, 5840. 
138 a) S. Kanemasa, Y. Oderaotoshi, J. Tanaka, E. Wada, J. Am. Chem. Soc. 1998, 120, 12355. b) S. Iwasa, S. 
Tsushima, T. Shimada, H. Nishiyama, Tetrahedron 2002, 58, 227. 
139 K. Hori, H. Kodama, T. Ohta, I. Furukawa, J. Org. Chem. 1999, 64, 5017. 
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With the aim of testing the C2-symmetric naphthalene-bridged bissulfoximine 33 in 1,3-dipolar 
cycloaddition reaction, nitrone 167a was prepared in two steps according to known procedures. 
First, a suspension of nitrobenzene (172) in water, in the presence of NH4Cl (1.2 eq.) was 
treated with zinc dust (2.4 eq.) to afford the hydroxylamine 173.140 Then, addition of an 
equimolar mixture of hydroxylamine 173 and benzaldehyde in solution in ethanol provided the 
N-benzylidenemethylamine N-oxide (167a).141  
From a synthetic and economical point of view, it is worth to note that three-component 
coupling of aldehydes, hydroxylamines and alkenes leading to the 1,3-dipolar cycloaddition 
product has been reported as well.142 
N
O
H
NO2
Zn dust
NH4Cl
H2O
NH
OH
H
O
EtOH
172 173 167a  
 
Scheme 93. Preparation of N-benzylidenemethylamine N-oxide (167a).140 
 
 
Inspired by a recent report by Sibi, where catalysts preformed in CH2Cl2 from Cu(II) salts and 
bis(oxazoline) ligands were described,143 the reaction between nitrone 167a and acryloyl-
oxazolidinone (166a) with the combined use of Cu(OTf)2 and naphthalene-bridged 
bissulfoximine 31 (10 mol% each) was first investigated (Scheme 94). By analogy to the 
XABOX system developed by Iwasa, which catalyzed also this transformation when combined 
with Cu(OTf)2,44 the analogous xanthene-derived bissulfoximine 174144 was prepared and 
tested as well. Since the essential effect of the presence of molecular sieves was described a 
number of times, the catalyst was carefully prepared by stirring a solution of 10 mol% of metal 
source and 10 mol% of ligand in CH2Cl2 in the presence of 250 mg of MS 4 Å, for 4 – 5 h at 40 
°C. The results of our first trials are depicted in Table 33. 
 
 
                                               
140 T. B. Patrick, J. A. Schield, D. G. Kirchner, J. Org. Chem. 1974, 39, 1758. 
141 H. Mallesha, K. R. R. Kumar, K. Mantelingu, K. S. Rangappa, Synthesis 2001, 1459. 
142 S. Kobayashi, R. Akiyama, M. Kawamura, H. Ishitani, Chem. Lett. 1997, 1039. 
143 M. P. Sibi, Z. Ma, C. P. Jasperse, J. Am. Chem. Soc. 2004, 126, 718. 
144 The synthesis of this compound was previously reported and its structure fully characterized, see: M. Martin, 
RWTH Dissertation Thesis, 2002. 
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Scheme 94. 1,3-Dipolar cycloaddition reaction between N-benzylidenemethylamine N-oxide and acryloyl-
oxazolidinone using bissulfoximines 33 or 174.  
 
 
 
Table 33. Cu-catalyzed 1,3-dipolar cycloaddition between nitrone 166a and acryloyl-oxazolidinone (167a) by the 
use of bissulfoximines 33 and 174.(a) 
 
entry bissulfoximine metal source yield (%) endo/exo ee (%) 
1 
N NS
O
Me
Ph S
O
Me
Ph33  
Cu(OTf)2 8 50:50 n.d. 
2 O
N N SS
O O
MeMe
Ph Ph174  
Cu(OTf)2 -- n.d. n.d. 
(a) Nitrone 166a (1 eq.), acryloyl-oxazolidinone (167a) (1 eq.), Cu(OTf)2 (10 mol%), bissulfoximine 33 or 174 
(10 mol%), MS 4Å (250 mg), CH2Cl2, r.t., 24h.(b) The enantiomeric ratios were determined by HPLC using a 
chiral stationary phase (Chiralcel AD). 
 
 
Whereas the XABOX described by Iwasa afforded cycloaddition products in 55% yield, with a 
86:14 ratio (endo/exo) and an enantioselectivity of 77% ee under the same conditions, neither 
the naphthalene-bridged bissulfoximine 33, nor the xanthene-derived bissulfoximine 174 were 
able to lead to catalysts for the 1,3-dipolar cycloaddition reaction. By the use of naphthalene-
bridged bissulfoximine 33 and Cu(OTf)2 as catalyst, only very low yield were attained and 
moreover no diastereoselectivity or enantioselectivity were observed. On the other hand, no 
conversion was effected in the case of the xanthene-derived bissulfoximine catalyst under these 
conditions. 
 
Application in Catalysis 
 
108 
Guided by the report from Iwasa, showing enhanced selectivities by the use of Ni and Mg 
metal sources (Table 34, entries 1 and 2), these metal complexes were investigated with our 
sulfoximine ligands. The combined use of Mg(II) and bissulfoximines (naphthalene and 
xanthene ligands) allowed the formation of 168a and 169a in good yields (81 and 89%). 
Although not excellent, the diastereoselectivity of 26:74 and 29:71 with preference to the exo 
compound was observed. Unfortunately, no enantioselectivity was attained. Besides, the 
combined use of Ni(II) and bissulfoximine 33 afforded the product in lower yields (55 and 
38%), without improvement of the diastereo- or enantioselectivity. 
 
Table 34. Reaction between nitrone  166a and acryloyl-oxazolidinone 167a.(a) 
 
entry ligand metal source yield (%) endo/exo ee (%)(b) 
1 Mg(ClO4)2•(H2O)6 96 99:1 85 
2 
O
O N N O
BnBn  
Ni(ClO4)2•(H2O)6 87 85:15 80 
3 Mg(ClO4)2•(H2O)6 89 26:74 -- 
4 
N NS
O
Me
Ph S
O
Me
Ph33  Ni(ClO4)2•(H2O)6 55 24:76 -- 
5 Ni(ClO4)2•(H2O)6 38 25:75 -- 
6 
O
N N SS
O O
MeMe
Ph Ph174  Mg(ClO4)2•(H2O)6 81 29:71 -- 
(a) Nitrone 166a (1 eq.), acryloyl-oxazolidinone (167a) (1 eq.), Cu(OTf)2 (10 mol%), bissulfoximine 33 or 174 (10 
mol%), MS 4Å (250 mg), CH2Cl2, r.t., 24h. (b) The enantiomeric ratios were determined by HPLC using a chiral 
stationary phase (Chiralcel AD). 
 
Athough it could be continued in try to improved the yields, the diastereoselectivity, and 
especially induce any enantioselectivity, these first results were not encouraging. By 
comparison with those obtained in presence of the XABOX catalyst, it seems that sulfoximine 
derivatives are not appropriate catalysts promoting the 1,3-dipolar cycloaddition reaction. 
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5.3.3 Naphthalene-bridged bissulfoximinium triflate in aza-Henry reaction 
 
Recently, an exellent chiral proton catalysis was reported by Johnston and co-workers, who 
described an enantioselective aza-Henry reaction between Boc-protected aldimines and 
nitroethane or nitromethane catalyzed by a bisamidinium triflate salt HQuin-BAM•HOTf 
(175).145 Depending on the substrates, the corresponding β-amino nitroalkanes 178 were 
prepared in good yields ranging from 50% to 69% with good to excellent enantioselectivities of 
up to 95% ee. 
 
N
HAr
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NO2
HN
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N
H
N
H
N N
OTf
H H
R
NO2
(10 mol%)
up to 95% ee
H
175
176 177 178
 
 
Scheme 95. Enantioselective aza-Henry reaction catalyzed by a bisamidinium triflate salt HQuin-BAM•HOTf 175 
as described by Johnston. 145 
 
 
The role of the proton was proved by comparative reactions, either without the ligand, or with 
the use of the non-protonated form of HQuin-BAM. In both cases, the reaction was very slow, 
affording less than 5% of the desired product after 5 d. 
Although the authors judged it as premature to speculate on the mechanistic basis of their 
results, they assumed that the bidendate pseudo-C2-symmetric ligand was responsible for the 
both substrate activation and orientation inducing the selectivity.  
 
Hence, the pseudo-C2-symmetric bissulfoximinium triflate 84 appeared to be a well-designed 
molecule and potential catalyst for the aza-Henry reaction.  
 
                                               
145 B. M. Nugent, R. A. Yoder, J. N. Johnston, J. Am. Chem. Soc. 2004, 126, 3418. 
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A test reaction was performed using 10 mol% of 84 as the catalyst in the reaction between Boc-
protected aldimines 176a and nitroethane (177a) (using also as the solvent), as shown in 
Scheme 96. 
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Scheme 96. Attempted enantioselective aza-Henry reaction catalyzed by a bissulfoximinium triflate salt 84. 
 
 
 
Unfortunately, protonated bissulfoximine 84 was not capable of catalyzing the transformation. 
After a reaction time of 24 h at room temperature, no desired product could be detected, 
although the imine was totally consumed. 
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6. Summary and outlook 
 
In the present dissertation, the preparation of new C1- and C2-symmetric sulfoximines is 
described. Extending the class of C1-symmetric aminosulfoximines, substitutions on the 
phenyl-bridged were effected. A three-step sequence was applied: Cu- or Pd-mediated N-
arylation of sulfoximine with ortho-nitro-substituted aryl iodides or bromides, then Fe-
reduction of nitro group, and at last reductive amination. As shown in Figure 19, divers 
positions of the phenyl-bridge were thus substituted by either electron-withdrawing groups (F, 
CF3), or electron-donating groups (OMe, Me). 
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Figure 19. Newly prepared C1-symmetric phenyl-bridged aminosulfoximines 47a – f. 
 
Belonging to the same class of C1-symmetric aminosulfoximines, but representing a variation 
of the bridge architecture, indole-bridge aminosulfoximine 87 was also prepared. Here, a 
reaction sequence composed of the protection of the amine with a Boc group, followed by Cu-
mediated cross-coupling reaction with sulfoximine and subsequent deprotection of the amino 
group, allowed the formation of the desired product 87 ( Figure 20).  
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H
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Figure 20. Newly prepared C1-symmetric indole-bridged aminosulfoximine 87. 
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Inspired by the excellent results obtained using the compound 48a in Pd-catalyzed allylic 
alkylation and Ir-catalyzed hydrogenation of imines, extension of this C1-symmetric P,N-
ligands family was effected by preparation of both additional phosphanoylsulfoximine-derived 
compounds showed in Figure 21. The phosphanoylsulfoximine 88 bearing an indole bridge was 
obtained in 4 steps from 7-bromo-1H-indole (85). The phosphanoylsulfoximine 34 embodies a 
naphthalene-bridge and was also prepared in a 4 steps sequence, in which the catalytic version 
of Cu-promoted cross-coupling reaction of N-unsubstituted sulfoximines with aryl halides was 
the key step. 
 
N PPh2S
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Figure 21. C1-symmetric phenyl-, indole- and naphthalene-bridged phosphanoylsulfoximines 48a, 88 and 34 as 
P,N-ligands. 
 
 
As part of our objectives, the preparation of C2-symmetric molecules as potential ligands was 
also envisaged. In this context, the synthesis of the naphthalene-bridge bissulfoximine 33 
(Figure 22) was effected in one step from 1,8-diiodo naphthalene by Cu-mediated cross-
coupling and the desired product was obtained in very good yield (90%).  
 
N NS
O
Me
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Figure 22. C2-symmetric naphthalene-bridged bissulfoximine 33 as N,N-ligand. 
 
 
In a second part of the dissertation, the applicability of these new compounds as potential 
ligands was examined. The class of C1-symmetric aminosulfoximines proved to be very 
effective ligands in various enantioselective metal catalysis. As such, a catalyst preformed with 
isitylaminosulfoximine 47i and Cu(OTf)2 performed very well the Mukaiyama-aldol reaction 
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and its vinylogous version, affording products with high yields and excellent 
enantioselectivities of up to 99% (Scheme 97).  
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THF, CF3CH2OH
*
R2 OH
R3 = Me, Ph, St-BuR1 = Me, Et, i-Pr, Bn
R2 = Me, Et, CH2Bn
89 - 99% ee
R1
O
OR3
OO
R2 OR3
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+R1O
O
Cu(OTf)2 (10 mol%)
Et2O, CF3CH2OH
130: R3 = t-Bu; PG =TBDMS 
134: R3 = Et; PG =TMS
76 - 99% ee
Cu(OTf)2 (10 mol%)
R1 = Me, Et, i-Pr, Bn
R2 = Me, Ph, o-NO2-Ph, 
       CH2Bn, i-Pr, H
47i (10 mol%)
47i (10 mol%)
112
112
113 114
131 or 135
R2 OH
*
 
 
Scheme 97. Cu-catalyzed Mukaiyama-aldol reaction and its vinylogous version using C1-symmetric 
isitylaminosulfoximine 47i as ligand. 
 
 
 
Moreover, the methyl-substituted phenyl-bridged aminosulfoximine 47d was the best ligand of 
our screening for catalyzing Cu(II)-carbonyl-ene reaction, affording products with 
enantioselectivities of up to 91%, as shown in Scheme 98. 
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Scheme 98. Cu-catalyzed carbonyl-ene reaction using C1-symmetric methyl-substituted phenyl-bridged 
aminosulfoximine 47d as ligand. 
 
 
Besides, with C1-symmetric phosphanoylsulfoximines 88 and 34 (Figure 21) in hand, their 
application in Pd-catalyzed allylic alkylation and Ir-catalyzed hydrogenation of imines were 
tested, but unfortunately, no conversion of the starting material was observed. 
 
 
Lastly, as C2-symmetric N,N-ligand, the naphthalene-bridged bissulfoximine 33 was applied in 
Cu-catalyzed Diels-Alder reaction. In this case, optimized conditions previously reported for 
the use of the analogous phenyl-bridged bissulfoximine 30 were applied.131 Although good 
yield (87%), diastereoselectivity (89:11, endo:exo) and enantioselectivity (74% ee) were 
achieved, the use of bissulfoximine 30 remains superior to 33, affording the product in 98% 
yield, with 89:11 endo:exo ratio and enantioselectivity of 93% ee.  
Then, application of bissulfoximine 33 as ligand in metal-catalyzed 1,3-dipolar cycloaddition 
promoted the reaction but moderate diastereoselectivity and no enantioselectivity were 
obtained. 
Finally, bissulfoximinium triflate 84 was tried as catalyst in aza-Henry reaction, but no product 
could be detected. 
 
Summary and outlook 
 
115 
Due to the versatile applications already found for C1-symmetric aminosulfoximines 47 as 
ligands in asymmetric metal catalysis, extension of this family of molecules is still very 
attractive. As outlook of this work, the preparation of further aminosulfoximines can be 
suggested. Firstly, continued efforts could be done in order to attain the formation of the 
aminosulfoximines 179, 180, 181 and 182, each shown in Figure 23, which could not be 
afforded yet. As such, variations on the sulfoximine substituents (Ar1, Alk) in 
aminosulfoximines of type 179 may be worth to be achieved, as well as further substitutions at 
the phenyl-bridged, including those with nitro group (R = NO2). Concerning the C1-symmetric 
indole-bridged aminosulfoximines, an electrophilic amination of 87, followed by reductive 
amination, may allow the formation of aminosulfoximines of type 180. At last, variations on 
the bridge architecture of the potential ligands would expand the family of C1-symmetric 
aminosulfoximines. In this context, studies on the preparation of aminosulfoximines 181 and 
182 may be pursued.  
N HNS
O
Alk
Ar1
Ar2
NS
O
Alk
Ar1
N
HN
Ar2N HN
Ar2
S
O
Ar1
Alk
R
HN
N S
O
Alk
Ar1
180
Ar2
179 181 182
 
 
Figure 23. C1-symmetric aminosulfoximines 179, 180, 181 and 182 proposed as target molecules. 
 
Then, further applications as ligands for the newly prepared sulfoximines shown in Figure 24, 
can be investigated. For instance, application of C1-symmetric indole-bridged 
phosphanoylsulfoximine 88 may be tried in Ir-catalyzed hydrogenation of olefins.130 
 
NS
O
Me
Ph
N
PPh2 N PPh2S
O
Me
Ph N NS
O
Me
Ph S
O
Me
Ph88 34 33  
 
 
Figure 24. Newly prepared sulfoximine-derived compounds 88, 34 and 33 to be applied in enantioselective metal 
catalysis. 
 
 
Moreover, although a wide range of substrates have been already tested in the Cu-catalyzed 
reactions using aminosulfoximines 47, an extension of the scope can still be envisioned. First, 
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and as outlook concerning the vinylogous Mukaiyama-aldol reaction, other dienol silanes (R3 = 
SAlk, SAr, Alk, Ar or NR'2) seems to be worth to be investigated (Scheme 99).  
 
R1O
R2
O
O
+
R1O
O
HO R2
R3
OPG
R3
O
R3 = SAlk, SAr, Alk, Ar, or NR'2
112 183 184
 
Scheme 99. 
 
Second, cyclic dienol silanes, such as (cyclohexa-1,3-dienyloxy)-trimethyl-silane (185), 2-
(trimethylsilyloxy)furan (186) or N-(tert-butoxycarbonyl)-2-[(tert-butyldimethylsilyl)-
oxy]pyrrole (187), may be tested. In this case, additional diastereoselectivity challenge has to 
be considered, as shown in Scheme 100.  
 
OTMS
O OTMS N OTMS
Boc
186 187185
OTMS
185
R1O
R2
O
O
+
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O
HO R2
R1O
O
HO R2
+
O O
112 188 189  
 
 
Scheme 100. Vinylogous Mukaiyama-aldol reaction between cyclic dienol silanes and pyruvate esters. 
 
 
Also with the aim of introducing diastereocontrol, the use of β-substituted enol silanes 190 for 
the Mukaiyama-aldol reaction and δ-substituted dienol silanes 191 for the vinylogous 
Mukaiyama-aldol reaction may be studied. 
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Scheme 101. Vinylogous Mukaiyama-aldol reaction between β-substituted enol silanes or δ-substituted dienol 
silane and pyruvate esters. 
 
 
As final remark, it can be highlighted that all three catalysis described in this dissertation 
(Mukaiyama-aldol reaction, its vinylogous version and carbonyl-ene reaction) were very 
efficient with pyruvate esters as electrophile partner, whereas attempts with aldehydes or 
glyoxylates were unsatisfactory.146 In agreement with this observation, no enantioselectivity 
was attained when (4-methoxy-phenylimino)-acetic acid ethyl ester 140 was used as 
electrophilic partner. It can then be envisaged that involving a di-substituted imine of type 196 
(R2 ¹ H), as shown in Figure 101, could circumvent this problem.  
Moreover, given that benzyloxy-acetaldehyde (197, with R1 = H) was often reported by Evans 
as a good partner for coordinating twice to the metal centre (similarly that a pyruvate ester 
does), the use of a di-substituted equivalent (R ¹ H) may give interesting results. 
 
R
O
BnO
N
R2
R1O
O
PG
196 197  
Scheme 102. 
 
 
                                               
146 For details concerning Mukaiyama-aldol and carbonyl-ene reaction with aldehydes or glyoxylates, see: M. 
Langner, RWTH Dissertation Thesis, 2005. 
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7. Experimental section 
 
7.1 General remarks  
 
Experiments involving air- and moisture-sensitive compounds were carried out under an argon 
atmosphere using standard Schlenk techniques. The course of the reactions was monitored by 
TLC using Merck silica gel 60 F254 plates. Flash chromatography was carried out with Merck 
silica gel 60 (40 – 63 μm). 
 
7.2 Apparatus and characterization of the products  
 
NMR-spectoscopy: The NMR spectra were recorded on a Varian Inova 400 (1H NMR: 400 
MHz; 13C NMR: 100 MHz; 31P NMR: 162 MHz), or a Varian Gemini 300 (1H NMR: 300 
MHz; 13C NMR: 75 MHz; 31P NMR: 121 MHz) instrument.  
The spectra were recorded in CDCl3 with TMS as internal standard. The chemical shifts of the 
signals are reported in ppm. The abbreviations for the 1H NMR data are : br=broad, s=singlet, 
d=doublet, t=triplet, q=quartet, m=multiplet; J=coupling constant(s). 
 
IR-spectroscopy: The IR spectra were recorded on a Perkin-Elmer FT/IR 1760 instrument, the 
samples were prepared as KBr pellets, as capillaries or as films. 
 
MS: The MS spectra were recorded on a Varian MAT 212 system (EI, CI). 
 
EA: The elemental analyses were measured with a Heraeus Model CHN-Rapid. 
 
HRMS: The HRMS spectra were recorded on a Finnigan MAT 95 system. 
 
Polarimetry: The optical rotations were measured at room temperature, λ=589 nm using a 
Perkin-Elmer Model P241. 
 
Melting points: Melting points were obtained on a Büchi B-450 apparatus in open capillaries. 
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HPLC: The analytical HPLC measurements were carried out on a Gynkothek (Dionex) 
machine (autosampler GINA 50, UV/VIS detector UVD 170S, gradient pump M480G, 
degasser DG 503) using a Chiralpak AD, OD, OD-H, OB-H or OJ column (0.46 cm X 25 cm) 
from Daicel Chemical Industries. Alternatively, an Agilent system (1100 series) was employed 
consisting of a degasser G1379A, a quaternary pump G1311A, an autosampler G1313A, an 
oven G1316A, and an UVdetector G1315B.  
 
 
7.3 HPLC conditions 
 
 
               product                 ligand column 
flow rate 
(mL/min) 
heptan/ 
i-PrOH 
λ 
(nm) 
retention time 
(min) 
MeO
O
Ph
OHO Me
114a  
(S)-47i OD 0.5 95:5 254 
tR(R) = 25.3 
tR(S) = 31.5 
OO
O
MeO
O
OHMe
123a  
(S)-47h AD 1.0 90:10 254 
tR(R) = 12.0 
tR(S) = 15.6 
MeO
O
O
OHO Me
131a  
(S)-47i AD 0.4 98:2 230 
tR(R) = 53.1 
tR(S) = 57.6 
BnO
O
O
OHO Me
131b  
(S)-47i AD 0.4 98:2 230 
tR(major) = 53.6 
tR(minor) = 62.1 
O
O
O
OHO Me
131c  
(S)-47i AD 0.4 98:2 230 
tR(major) = 32.8 
tR(minor) = 39.7 
EtO
O
O
OHO Me
131d  
(S)-47i AD 0.4 98:2 230 
tR(major) = 41.3 
tR(minor) = 51.0 
EtO
O
O
OHO
Ph
131e  
(S)-47i AD 0.4 98:2 230 
tR(major) = 47.2 
tR(minor) = 54.8 
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EtO
O
O
OHO
NO2
131f
 
(S)-47i AD 0.5 95:5 230 
tR(major) = 36.4 
tR(minor) = 46.1 
EtO
O
O
OHO
131h  
(S)-47i OD 0.08 98:2 230 
tR(major) = 82.5 
tR(minor) = 108.5 
MeO
O
O
OHO Ph
131i  
(S)-47i AD 0.4 98:2 230 
tR(minor) = 77.0 
tR(major) = 90.5 
EtO
O
O
OHO Ph
131j  
(S)-47i AD 0.5 98:2 230 
tR(major) = 41.8 
tR(minor) = 66.6 
EtO
O
O
OHO H
133  
(S)-47i AD 0.35 98:2 230 
tR(major) = 65.5 
tR(minor) = 75.5 
MeO
O
OEt
OHO Me
135  
(S)-47i OJ 0.4 98:2 230 
tR(major) = 59.1 
tR(minor) = 64.9 
Me
O
OHO Me
OEt
139  
(S)-47i OD-H 0.8 98:2 210 
tR(major) = 29.1 
tR(minor) = 33.9 
EtO
O
OEt
OHN H
PMB 141  
(S)-47i OD 1.0 97:3 230 
tR(1) = 25.2 
tR(2) = 29.2 
MeO
O
MeHO
147a  
(S)-47d OB-H 0.5 98:2 210 
tR(R) = 11.5 
tR(S) = 12.5 
MeO
O
MeHO
153a  
(S)-47d OB-H 0.5 98:2 210 
tR(R) = 14.6 
tR(S) = 16.6 
NO O
O
165  
(S,S)-33 OD 0.5 95:5 254 
tR(minor) = 49.8 
tR(major) = 54.3 
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7.4 Purification and drying of solvents and reagents 
 
acetone: technical grade, dried over MgSO4 
chloroform: distilled over CaCl2 
dichloromethane: distilled over CaH2 and under argon 
diethyl ether: distilled over sodium/benzophenone and under argon 
dioxane: distilled over CaH2 
dimethylsulfoxide : technical grade, degassed with a flush of argon 
methanol: technical grade, dried over MgSO4 
trimethylsilyl chloride: distilled under argon 
tetrahydrofurane: dried over KOH for 12 h, filtrated trough a plug of alumina and distilled 
over sodium/benzophenone and under argon 
toluene: distilled over sodium and under argon 
 
 
7.5 Commercially-available reagents 
 
Aldrich: o-bromonitrobenzene, rac-BINAP, dichlormethoxymethane, diisopropylamine, 
copper(II)triflate, 2,4,6-trimethylbenzaldehyde, trans-ethylcrotonate, methylenecyclopentane,  
methyl pyruvate, ethyl pyruvate, methyl benzoylformate, ethyl benzoylformate, ethyl 3-methyl-
2-oxobutyrate, ethyl 2-oxo-4-phenylbutyrate, 2,3-butadione. 
 
Acrôs: 1-bromo-3- methyl-2-nitrobenzene, 1-bromo-4-methyl-2-nitrobenzene, 2,2,6-trimethyl-
4H-dioxin-4-on, NaBH3CN, CsOAc, Cs2CO3, TMS-Cl, TBDMS-Cl. 
 
Lancaster: 4,5-dimethyl-2-nitroaniline, 1-iodo-4-methoxy-2-nitrobenzene, 4-fluoro-1-iodo-2-
nitrobenzene, 1-bromo-2-nitro-4-trifluoromethylbenzene, 4-iodo-3-nitroanisole, 2-bromo-5-
nitroaniline, 2,4,6-trimethylbenzoyl chloride, ethyl-4-nitrophenylglyoxylate. 
 
Fluka: 1-phenyl-1-trimethylsilyloxyethene, α-methylstyrene, ethyl glyoxylate, DMPU. 
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7.6 Compounds prepared according to literature procedures 
 
(S)-S-methyl-S-phenylsulfoximine (6a)12 
1,8-dibromo-naphthalene (75a)147  
1,8-diido-naphthalene (75b)148  
1-amino-8-bromonaphthalene (72)149  
7-bromo-1H-indole (85)65 
triisopropylbenzaldehyde 150  
rac-4,12-dibromo[2.2]paracyclophane (95)68 
benzyl pyruvate (112b)151 
isopropyl pyruvate (112c)152  
(1-tert-butoxy-buta-1,3-dienyloxy)-tert-butyl dimethyl silane (130) 153 
(1-ethoxy-buta-1,3-dienyloxy) trimethyl silane (134) 154  
(2,2-dimethyl-6-methylene-6H-[1,3]dioxin-4-yloxy) trimethyl silane (122a).155  
 
7.7 Compounds prepared in our laboratories  
 
(S)-S-methyl-S-phenylsulfoximine (6a) was prepared by N. Brendgen, S. Grünebaum or M. 
Reichelt; (S)-S-tert-butyl-S-phenylsulfoximine (6e) was prepared by C. Moessner; (S)-S-
methyl-S-p-phenylphenylsulfoximine (6g) and (S)-S-methyl-S-p-morpholinophenyl 
sulfoximine (6f) were prepared by G. Y. Cho; (1-tert-butoxy-buta-1,3-dienyloxy)-tert-butyl 
dimethyl silane (130) was donated by L. Hintermann. 
 
                                               
147 D. Seyferth, S. C. Vick, J. Organomet. Chem. 1977, 141, 173. 
148 H. O. House, D. G. Koepsell, W. J. Campbell, J. Org. Chem. 1972, 37, 1003. 
149 S. Vyskocil, L. Meca, I. Tislerova, I. Cisarova, M. Polasek, S. R. Harutyunyan, Y. N. Belokon, R. M. J. Stead, 
L. Farrugia, S. C. Lockhart, W. L. Mitchell, P. Kocovsky, Chem. Eur. J. 2002, 8, 4633. 
150 S. Andersson, R. E. Carter, T. Drakenberg, Acta Chem. Scand. 1984, B38, 579. 
151 a) Y. Yamamoto, K. Maruyama, T. Komatsu, W. Ito, J. Org. Chem. 1986, 51, 886. b) Autorenkollektiv, 
Organikum, VEB Deutscher Verlag der Wissenschaften: Berlin, 1969, 441. 
152 P. A. Leermakers, P. C. Warren, G. F. Vesley, J. Am. Chem. Soc. 1964, 86, 1768. 
153 K. Krohn, G. Schaefer, Liebigs Ann. 1996, 265. 
154 R. V. Hoffman, H. O. Kim, J. Org. Chem. 1991, 56, 1014. 
155 J. R. Grunwell, A. Karipides, C. T. Wigal, S. W. Heinzman, J. Parlow, J. A. Surso, L. Clayton, F. J. Fleitz, M. 
Daffner, J. E. Stevens, J. Org. Chem. 1991, 56, 91. N.B.: the reaction occurs only if performed at –60 °C, instead 
of the described temperature of –78 °C. 
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7.8 General procedures 
7.8.1 Method 1: Pd-catalyzed Buchwald-Hartwig-type reaction  
 
Under an argon atmosphere a Schlenk-flask was charged with the bromobenzene 54 (1.0 eq.), 
(S)-S-methyl-S-phenylsulfoximine (6a) (1.00 – 1.25 eq.), Pd(OAc)2 (method 1A) or Pd2(dba)3 
(method 1B) (5 mol%), rac-BINAP (7.5 mol%) and Cs2CO3 (1.40 eq.). Subsequently, distilled 
toluene was added, and the resulting mixture (0.05 – 0.20 M) was heated to 110 °C for 24 h. 
The suspension was then filtered through a plug of celite. The solvent was evaporated under 
vacuum and the product was purified by flash chromatography (silica gel). 
 
7.8.2 Method 2: Cu-mediated cross-coupling reaction 
 
Under an argon atmosphere a Schlenk-flask was charged with the aryl halide 54 – 55 (2.0 eq.), 
(S)-S-methyl-S-phenylsulfoximine (6a) (1.0 eq.), CuI (1.0 eq.) and base [2.5 eq., Cs2CO3 
(method 2A), CsOAc (method 2B)]. In method 2C the reagents are as follows: the aryl halide 
54 – 55 (1.0 eq.), (S)-S-methyl-S-phenylsulfoximine (6a) (2.0 eq.), CuI (1.0 eq.) and CsOAc 
(2.5 eq.). Subsequently, degassed DMSO was added, and the resulting mixture (1–2 M) was 
heated to 90 °C for 12 h. The reaction mixture was then neutralized with an aqueous solution of 
HCl (6 M), and the aqueous layer was extracted three times with CH2Cl2. The combined 
organic extracts were dried over magnesium sulfate, filtered and concentrated under reduced 
pressure. Purification by flash chromatography (silica gel) afforded the N-arylated 
sulfoximines. 
 
7.8.3 Method 3: Nitro group reduction 
 
The nitrosulfoximine 56 (1.0 eq.) was dissolved in a mixture of EtOH/H2O (2:3) and then 
treated with glacial acetic acid (1.6–1.8 eq.) and iron (3 – 4.5 eq.). After refluxing for 3 – 5 h, 
the reaction mixture was cooled to room temperature, and quenched with H2O. Subsequently, 
CH2Cl2 was added, and the aqueous layer was extracted three times with CH2Cl2. The 
combined organic layers were dried over magnesium sulfate, the solvent was removed under 
reduced pressure, and the product was purified by flash chromatography (silica gel). 
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7.8.4 Method 4: Reductive amination with NaBH4 
 
To a solution (0.1 M) of the aminosulfoximine 57 in MeOH, aldehyde (1.1 – 1.2 eq.) and 
glacial acetic acid (1.0 – 1.1 eq.) were added. After stirring at room temperature for 3 h, the 
mixture was cooled to 0 °C and NaBH4 (2.5 eq.) was added carefully. The resulting mixture 
was stirred overnight at room temperature and then quenched with an aqueous solution of 
K2CO3 (10%). Subsequently CH2Cl2 was added, the aqueous layer was extracted with three 
times CH2Cl2, the combined organic layers were dried over magnesium sulfate and the solvent 
was evaporated under vacuum. The product was then purified by flash chromatography (silica 
gel). 
 
7.8.5 Method 5: Reductive amination with NaBH3CN  
 
To a solution (0.5 M) of the aminosulfoximine 57 in MeOH, aldehyde (1.2 – 2.5 eq.) and 
NaBH3CN (0.9 – 1.0 eq.) were added at 0 °C. The pH was then adjusted to 6 by dropwise 
addition of glacial acetic acid. After stirring at room temperature overnight, the mixture was 
diluted with CH2Cl2 and hydrolyzed with an aqueous solution of K2CO3 (10%). The aqueous 
layer was extracted three times with CH2Cl2, the combined organic layers were dried over 
magnesium sulfate and the solvent was evaporated under vacuum. Then the product was 
purified by flash chromatography (silica gel). 
 
7.8.6 Method 6: Vinylogous Mukaiyama-type aldol reaction 
 
A Schlenk-flask under argon atmosphere was charged with Cu(OTf)2 (18.1 mg, 0.05 mmol) 
and the aminosulfoximine (S)-47i (0.05 mmol). Then, dry Et2O (2 mL) was added and the 
resulting deep green solution was stirred for 30 min at room temperature. Subsequently, 
pyruvate ester 112 (0.5 mmol), dienol silane 130 or 134 (0.55 mmol) and 2,2,2-trifluoroethanol 
(0.6 mmol, 44 µL) were added. After stirring at room temperature for 5 h, trifluoroacetic acid 
(0.2 mL) was added and the solution was stirred for 30 min after which desilylation was 
complete. The reaction mixture was then diluted with Et2O and quenched with a satured 
aqueous solution of NaHCO3. The aqueous layer was extracted three times with Et2O and the 
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combined organic layers were dried over magnesium sulfate. The solvent was removed under 
reduced pressure and the product was purified by flash chromatography (silica gel). 
 
 
7.9 Synthesis of ligands 
 
7.9.1 Phenyl-bridged aminosulfoximine without substituent 
 
7.9.1.1  (S)-N-(2-Nitrophenyl)-S-methyl-S-phenylsulfoximine (56g) 
 
N NO2S
O
Ph
Me  
 
The product was prepared according to method 1A using o-bromonitrobenzene (54a) (2.42 g, 
12.0 mmol), (S)-S-methyl-S-phenylsulfoximine (6a) (1.86 g, 12.0 mmol), Pd(OAc)2 (135 mg, 
0.6 mmol), rac-BINAP (561 mg, 0.9 mmol), Cs2CO3 (5.47 g, 16.8 mmol) in toluene (60 mL). 
The product was purified by flash chromatography (silica gel, pentane/EtOAc 4:1) to yield 56g 
as a yellow oil (2.96 g, 10.7 mmol). 
Yield = 89% 
 
Method 2A using (S)-S-methyl-S-phenylsulfoximine (6a) (86.2 mg, 0.555 mmol) and              
o-iodonitrobenzene (55c) (276.5 mg, 1.110 mmol) gave 56g as a yellow oil (127.0 mg, 0.460 
mmol). 
Yield = 83%  
 
Method 2B using (S)-S-methyl-S-phenylsulfoximine (6a) (40.4 mg, 0.260 mmol) and              
o-bromonitrobenzene (54a) (105 mg, 0.520 mmol) gave 56g as a yellow oil (56 mg, 0.202 
mmol). 
Yield = 78% 
 
[a]D20 = –33.5 (c = 1.0 in CHCl3) 
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1H NMR (300 MHz, CDCl3): δ = 3.27 (s, 3H, CH3), 6.91-6.96 (m, 1H, Ar-H), 7.21-7.30 (m, 
2H, Ar-H), 7.54-7.67 (m, 4H, Ar-H), 8.05-8.09 (m, 2H, Ar-H) ppm 
13C NMR (75 MHz, CDCl3): δ = 45.8, 121.3, 124.4, 124.5, 128.6, 129.7, 132.5, 133.8, 138.6, 
139.1 ppm 
IR (film): n = 3066, 3025, 2930, 1601, 1522, 1479, 1359, 1289, 1209, 1099, 1021, 774, 747, 
689, 508 cm–1 
MS (70 eV, EI): m/z (%) = 276 (100) [M]+, 167, 141, 125, 77, 51 
EA calcd (%) for C13H12N2O3S (276.31): C 56.51, H 4.38, N 10.14; found: C 56.50, H 4.65, N 
10.12. 
 
7.9.1.2   (S)-N-(2-Aminophenyl)-S-methyl-S-phenylsulfoximine (57g) 
 
N NH2S
O
Ph
Me  
 
The product was prepared according to method 3 using nitrosulfoximine 56g (2.96 g, 10.7 
mmol), a mixture of EtOH (70 mL) and H2O (35 mL), glacial acetic acid (11.0 mL, 19.2 mmol) 
and iron (2.68 g, 48.2 mmol). The reaction mixture was stirred under reflux conditions for 3 h. 
Purification by flash chromatography (silica gel, EtOAc/pentane 4:1 with 1% of Et3N) gave 
57g as a beige solid (2.2 g, 8.83 mmol). 
Yield = 83% 
 
m.p. = 116–118 °C 
[a]D20 = –6.8 (c = 1.0 in CHCl3) 
1H NMR (300 MHz, CDCl3): δ = 3.25 (s, 3H, CH3), 3.74 (br s, 2H, NH2), 6.45-6.51 (m, 1H, 
Ar-H), 6.68-6.77 (m, 2H, Ar-H), 6.88-6.91 (m, 1H, Ar-H), 7.49-7.61 (m, 3H, Ar-H), 7.96-8.00 
(m, 2H, Ar-H) ppm 
13C NMR (75 MHz, CDCl3): δ = 45.9, 114.9, 118.5, 122.0, 122.7, 128.5, 129.5, 131.6, 133.3, 
139.3, 140.7 ppm 
IR (KBr): n = 3418, 3335, 3020, 1610, 1585, 1499, 1446, 1291, 1251, 1190, 1146, 1096, 1018, 
966, 751, 688, 538 cm–1 
MS (70 eV, EI): m/z (%) = 246 (100) [M]+, 141, 125, 106, 79 
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EA calcd (%) for C13H14N2OS (246.33): C 63.39, H 5.73, N 11.37; found: C 63.41, H 5.73, N 
11.49. 
7.9.1.3  (S)-N-[2-(2,4,6-Trimethylbenzylamino)phenyl]-S-methyl-S-phenylsulfoximine 
(47h) 
 
N HNS
O
Ph
Me
 
 
The product was prepared according to method 5 using 2,4,6-trimethylbenzaldehyde (369 mL, 
2.50 mmol), the aminosulfoximine 57g (246 mg, 1.00 mmol) and NaBH3CN (62.9 mg,        
1.00 mmol). After purification by flash chromatography (silica gel, pentane/EtOAc 6:1 to 2:1 
with 1% Et3N), the target compound was obtained as a yellow solid (320 mg, 0.85 mmol).  
Yield = 85% 
 
m.p. = 178–180 °C 
[a]D20 = –177.3 (c = 0.4 in CHCl3) 
1H NMR (300 MHz, CDCl3): δ = 2.31 (s, 3H, CH3), 2.41 (s, 6H, CH3), 3.14 (s, 3H, CH3), 
4.19/4.27 (AB system, J=11.4 Hz, 2H, CH2), 6.42-6.47 (m, 1H, Ar-H), 6.73 (dd, J=8.0, 1.5 Hz, 
1H, Ar-H), 6.86-6.93 (m, 4H, Ar-H), 7.42-7.48 (m, 2H, Ar-H), 7.52-7.57 (m, 1H, Ar-H), 7.83-
7.87 (m, 2H, Ar-H) ppm 
13C NMR (75 MHz, CDCl3): δ = 19.5, 21.0, 42.7, 46.1, 109.9, 116.6, 121.2, 122.9, 128.5, 
129.0, 129.5, 131.3, 132.8, 133.1, 137.0, 137.7, 139.4, 142.9 ppm 
IR (KBr): n = 3398, 2920, 1587, 1509, 1428, 1256, 1190, 1124, 1022, 734, 688 cm–1 
MS (70 eV, EI): m/z (%) = 378 (74) [M]+, 246, 237, 221, 181, 133, 119, 105, 91, 77 
EA calcd (%) for C23H26N2OS (378.53): C 72.98, H 6.92, N 7.40 found: C 73.15, H 6.86, N 
7.53. 
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7.9.1.4  (S)-N-[2-(2,4,6-Triisopropylbenzylamino)phenyl]-S-methyl-S-phenylsulfoximine 
(47i) 
Ø Synthese of 2,4,6-triisopropylbenzaldehyde150 
CHO
 
Triisopropylbenzene (2.42 mL, 10.0 mmol) was dissolved in 25 mL of CH2Cl2. At 0 °C, TiCl4 
(3.70 mL, 33.5 mmol) was added slowly to the reaction mixture, following by 
dichloromethoxymethane (1.89 mL, 20.9 mmol) dropwise over 15 min. After stirring at room 
temperature overnight, the mixture was cooled to 0 °C and quenched with H2O (10 mL). The 
aqueous layer was extracted with CH2Cl2 (2X20 mL), the combined organic layers were dried 
over magnesium sulfate and the solvent was evaporated under vacuum. The product was then 
purified by flash chromatography (silica gel, pentane/EtOAc 100:1) and obtained as a colorless 
oil (1.92 g, 8.30 mmol). 
Yield = 83% 
 
1H NMR (300 MHz, CDCl3): δ = 1.25-1.29 (m, 18H, CH3), 2.92 (sep., J=6.9 Hz, 1H, CH), 
3.61 (sep., J=6.8 Hz, 2H, CH), 7.11 (s, 2H, Ar-H), 10.7 (s, 1H, CHO) ppm 
13C NMR (75 MHz, CDCl3): δ = 23.7, 24.2, 28.8, 34.7, 121.6, 150.5, 153.6, 195 ppm. 
 
Ø Synthese of (S)-N-[2-(2,4,6-triisopropylbenzylamino)phenyl]-S-methyl-S-phenyl 
sulfoximine (47i) 
N HNS
O
Ph
Me
 
 
The product was prepared according to method 4 using 2,4,6-triisopropylbenzaldehyde       
(837 mg, 3.60 mmol), the aminosulfoximine 57g (739 mg, 3.00 mmol), glacial acetic acid (172 
mL, 3.00 mmol) and NaBH4 (284 mg, 7.50 mmol). After purification by flash chromatography 
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(silica gel, pentane/EtOAc 10:1), the target compound was obtained as a colorless solid (1.14 g, 
2.46 mmol).  
Yield = 82% 
 
m.p. = 129–130 °C 
[a]D20 = –164.2 (c = 0.5 in CHCl3) 
1H NMR (300 MHz, CDCl3): δ = 1.30 (d, J=6.9 Hz, 18H, CH3), 2.89-2.98 (m, 1H, CH), 3.12 
(s, 3H, CH3), 3.28-3.38 (m, 2H, CH), 4.22/4.31 (AB system, J=11.5 Hz, 2H, CH2), 4.58 (br s, 
1H, NH), 6.44 (t, J=7.7 Hz, 1H, Ar-H), 6.74 (d, J= 7.6 Hz, 1H, Ar-H), 6.87-6.90 (m, 2H, Ar-
H), 7.10 (s, 2H, Ar-H), 7.42-7.47 (m, 2H, Ar-H), 7.52-7.57 (m, 1H, Ar-H), 7.84 (d, J=7.4 Hz, 
2H, Ar-H) ppm 
13C NMR (75 MHz, CDCl3): δ = 24.0, 24.7, 24.8, 29.4, 34.3, 40.8, 46.3, 109.6, 116.5, 120.8, 
121.2, 122.6, 128.5, 129.5, 130.3, 131.3, 133.1, 139.3, 142.5, 148.2 ppm 
IR (KBr): n = 3408, 2960, 2867, 1590, 1502, 1426, 1261, 1241, 1195, 1125, 1094, 1024, 740, 
688 cm–1 
MS (70 eV, EI): m/z (%) = 462 (39) [M]+, 307, 246, 216, 201, 173, 119, 105 
EA calcd (%) for C29H38N2OS (462.69): C 75.28, H 8.28, N 6.05; found: C 75.43, H 8.19, N 
5.86. 
 
7.9.2 Phenyl-bridged aminosulfoximines with various substituents  
 
7.9.2.1  (S)-N-[4-Fluoro-2-nitrophenyl]-S-methyl-S-phenylsulfoximine (56a) 
 
N NO2S
O
Ph
Me
F
 
 
The product was prepared according to method 2B using 4-fluoro-1-iodo-2-nitrobenzene (55a) 
(51 mg, 0.19 mmol), (S)-S-methyl-S-phenylsulfoximine (6a) (15 mg, 0.10 mmol) and CsOAc 
(48 mg, 0.25 mmol). After purification by flash chromatography (silica gel, CH2Cl2/MeOH 
99:1), the target compound was obtained as a yellow solid (27 mg, 0.09 mmol). 
Yield = 94% 
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m.p. = 81 °C 
[a]D20 = –98.5 (c = 1.0 in CHCl3) 
1H NMR (300 MHz, CDCl3): δ = 3.19 (s, 3H, CH3), 6.95-6.98 (m, 1H, Ar-H), 7.18-7.22 (m, 
1H, Ar-H), 7.30-7.33 (m, 1H, Ar-H), 7.47-7.61 (m, 3H, Ar-H), 7.85-7.98 (m, 2H, Ar-H) ppm 
13C NMR (75 MHz, CDCl3): δ = 45.8, 111.8 (d, JCF=24 Hz), 119.9 (d, JCF=24 Hz), 125.7 (d, 
JCF=8 Hz), 128.6, 129.8, 133.9, 135.5, 138.4, 142.0, 156.4 (d, JCF=241 Hz) ppm 
IR (KBr): n = 1532, 1485, 1214 cm–1 
MS (70 eV, EI): m/z (%) = 294 (100) [M]+, 185, 141, 125, 77 
EA calcd (%) for C13H11FN2O3S (294.30): C 53.05, H 3.77, N 9.52; found: C 52.67, H 4.13, N 
9.20. 
 
7.9.2.2  (S)-N-[2-Amino-4-fluorophenyl]-S-methyl-S-phenylsulfoximine (57a) 
 
N NH2S
O
Ph
Me
F
 
 
The product was prepared according to method 3 using nitrosulfoximine 56a (100 mg, 0.34 
mmol), a mixture of EtOH (0.93 mL) and H2O (1.40 mL), glacial acetic acid (0.34 mL, 0.59 
mmol) and iron (57 mg, 1.02 mmol). The reaction mixture was stirred under reflux conditions 
for 5 h. The product was purified by flash chromatography (silica gel, CH2Cl2 with 1% of 
Et3N) to afford 57a as a brown oil (48 mg, 0.18 mmol). 
Yield = 53% 
 
[a]D20 = –3.4 (c = 0.8 in CHCl3) 
1H NMR (300 MHz, CDCl3): δ = 3.22 (s, 3H, CH3), 4.33 (br s, NH2), 6.10-6.19 (m, 1H, Ar-H), 
6.36-6.47 (m, 1H, Ar-H), 7.75-7.84 (m, 1H, Ar-H), 7.46-7.60 (m, 3H, Ar-H), 7.90-7.95 (m, 2H, 
Ar-H) ppm 
13C NMR (75 MHz, CDCl3): δ = 45.6, 101.8 (d, JCF= 26 Hz), 104.2 (d, JCF=22 Hz), 122.4 (d, 
JCF=10 Hz), 127.5, 128.4, 129.6, 134.4, 138.8, 141.8 (d, JCF=11 Hz), 159.0 ppm (d, JCF= 238 
Hz) 
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IR (KBr): n = 3364, 3063, 3014, 1503, 1247, 753 cm–1 
MS (70 eV, EI): m/z (%) = 264 (100) [M]+, 141, 124, 97 
EA calcd (%) for C13H13FN2OS (264.32): C 59.07, H 4.96, N 10.60; found: C 59.16, H 5.04, N 
10.76. 
 
7.9.2.3  (S)-N-[4-Fluoro-2-(2,4,6-trimethylbenzylamino)phenyl]-S-methyl-S-
phenylsulfoximine (47a) 
HN
F
NS
O
Ph
Me
 
 
The product was prepared according to method 5 using 2,4,6-trimethylbenzaldehyde (22 mg, 
0.15 mmol), the aminosulfoximine 57a (33 mg, 0.12 mmol), NaBH3CN (7.5 mg, 0.12 mmol) 
and MeOH (2 mL). After purification by flash chromatography (silica gel, CH2Cl2/MeOH 
99:1), the target compound was obtained as a yellow solid (40 mg, 0.10 mmol). 
Yield = 83% 
 
m.p. = 165 °C 
[a]D20 = –174.4 (c = 1.0 in CHCl3) 
1H NMR (400 MHz, CDCl3): δ = 2.31 (s, 3H, CH3), 2.40 (s, 6H, CH3), 3.13 (s, 3H, CH3), 
4.14/4.21 (AB system, J= 11.4 Hz, 2H, CH2), 4.56 (br s, NH), 6.08-6.13 (m, 1H, Ar-H), 6.39-
6.44 (m, 1H, Ar-H), 6.79-6.83 (m, 1H, Ar-H), 6.93 (s, 2H, Ar-H), 7.44-7.58 (m, 3H, Ar-H), 
7.80-7.83 (m, 2H, Ar-H) ppm 
13C NMR (100 MHz, CDCl3): δ = 19.5, 20.9, 42.3, 45.9, 97.0 (d, JCF=27 Hz), 101.4 (d, JCF= 22 
Hz), 121.1 (d, JCF=10 Hz), 126.6, 128.2, 128.7, 129.3, 131.9, 133.0, 136.9, 137.4, 138.9, 143.8 
(d, JCF=11 Hz), 159.5 (d, JCF= 237 Hz) ppm 
IR (KBr): n = 3019, 2926, 1257, 759 cm–1 
MS (70 eV, EI): m/z (%) = 396 (54) [M]+, 255, 137, 133 
EA calcd (%) for C23H25FN2OS (396.52): C 69.67, H 6.35, N 7.06; found C 69.91, H 6.61, N 
6.73. 
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7.9.2.4  (S)-N-[2-Nitro-4-trifluoromethylphenyl]-S-methyl-S-phenylsulfoximine (56b) 
 
N NO2S
O
Ph
Me
CF3
 
 
The product was prepared according to method 2B using 1-bromo-2-nitro-4-
trifluoromethylbenzene (54b) (5 g, 1.0 g, 3.70 mmol), (S)-S-methyl-S-phenylsulfoximine (6a) 
(286 mg, 1.85 mmol) and CsOAc (888 mg, 4.63 mmol). After purification by flash 
chromatography (silica gel, pentane/EtOAc 4:1), the target compound was obtained as a yellow 
oil (540 mg, 1.57 mmol). 
Yield = 85% 
 
[a]D20 = –14.1 (c = 1.0 in CHCl3) 
1H NMR (300 MHz, CDCl3): δ = 3.24 (s, 3H, CH3), 7.26 (d, J=8.7 Hz, 1H, Ar-H), 7.36 (dd, 
J=8.7, 2.2 Hz, 1H, Ar-H), 7.49-7.63 (m, 3H, Ar-H), 7.81 (d, J=2.2 Hz, 1H, Ar-H), 7.96-8.01 
(m, 2H, Ar-H) ppm 
13C NMR (75 MHz, CDCl3): δ = 46.5, 121.5, 123 (q, JCF=35 Hz), 123.4 (q, JCF=272 Hz), 
124.1, 128.5, 129.1, 130.0, 134.3, 138.0, 142.7, 144.5 ppm 
IR (KBr): n = 1623, 1534, 1324, 1215, 1125 cm–1 
MS (70 eV, EI): m/z (%) = 344 (100) [M]+, 235, 141, 125, 77 
EA calcd (%) for C14H11F3N2O3S (344.31): C 48.84, H 3.22, N 8.14; found: C 48.91, H 3.29, N 
8.12. 
 
7.9.2.5  (S)-N-[2-Amino-4-trifluoromethylphenyl]-S-methyl-S-phenylsulfoximine (57b) 
N NH2S
O
Ph
Me
CF3
 
 
The product was prepared according to method 3 using nitrosulfoximine 56b (540 mg, 1.57 
mmol), a mixture of EtOH (13 mL) and H2O (19.5 mL), glacial acetic acid (1.6 mL, 2.79 
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mmol) and iron (262 mg, 4.70 mmol). The reaction mixture was stirred under reflux conditions 
for 5 h. The product was purified by flash chromatography (silica gel, CH2Cl2/MeOH 99:1 with 
1% of Et3N) to afford 57b as a brown solid (449 mg, 1.43 mmol). 
Yield = 91%  
 
m.p. = 90–92 °C 
[a]D20 = –20.0 (c = 1.2 in CHCl3) 
1H NMR (300 MHz, CDCl3): δ = 3.29 (s, 3H, CH3), 4.21 (br s, NH2), 6.70 (d, J=8.4 Hz, 1 H), 
6.89 (s, 1H, Ar-H), 6.90 (d, J=8.4 Hz, 1H, Ar-H), 7.51-7.66 (m, 3H, Ar-H), 7.93-7.96 (m, 2H, 
Ar-H) ppm  
13C NMR (75 MHz, CDCl3): δ = 46.3, 110.9, 115.2, 120.8, 124.2 (q, JCF=30 Hz), 124.6 (q, 
JCF=272 Hz), 128.4, 129.8, 133.6, 134.8, 138.6, 140.8 ppm 
IR (KBr): n = 3463, 3357, 3105, 3000, 2926, 1621, 1515, 1442, 1336, 1242, 1105, 747 cm–1 
MS (70 eV, EI): m/z (%) = 314 (100) [M]+, 141, 125, 77 
EA calcd (%) for C14H13F3N20S (314.33): C 53.50, H 4.17, N 8.91; found: C 53.32, H 4.18, N 
8.66. 
 
7.9.2.6  (S)-N-[4-Trifluoromethyl-2-(2,4,6-trimethylbenzylamino)phenyl]-S-methyl-S-
phenylsulfoximine (47b) 
HN
CF3
NS
O
Ph
Me
 
 
The product was prepared according to method 5 using 2,4,6-trimethylbenzaldehyde (73 mg, 
0.49 mmol), the aminosulfoximine 57b (154 mg, 0.49 mmol), NaBH3CN (28 mg, 0.44 mmol) 
and MeOH (7.9 mL). After purification by flash chromatography (silica gel, pentane/EtOAc 
8.5:1.5), the target compound was obtained as a yellow solid (127 mg, 0.29 mmol). 
Yield = 58% 
 
m.p. = 45–50 °C 
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[a]D20 = –170 (c = 1.1 in CHCl3) 
1H NMR (400 MHz, CDCl3): δ = 2.31 (s, 3H, CH3), 2.41 (s, 6H, CH3), 3.16 (s, 3H, CH3), 
4.19/4.27 (AB system, J=11.5 Hz, 2H, CH2), 4.63 (br s, NH), 6.66 (d, J=8.0 Hz, 1H, Ar-H), 
6.85 (s, 1H, Ar-H), 6.89 (d, J=8.0 Hz, 2H, Ar-H), 6.94 (s, 1H, Ar-H), 7.44-7.59 (m, 3H, Ar-H), 
7.79-7.83 (m, 2H, Ar-H) ppm 
13C NMR (100 MHz, CDCl3): δ = 19.7, 21.1, 42.6, 46.6, 105.6, 113.4, 119.8, 124.3 (q, JCF=32 
Hz), 125.0 (q, JCF=271 Hz), 128.3, 129.1, 129.7, 132.1, 133.5, 134.5, 137.2, 137.6, 138.6, 
142.6 ppm 
IR (KBr): n = 3389, 3105, 3031, 2926, 2873, 1605, 1521, 1442, 1263, 1105, 1015, 742 cm–1 
MS (70 eV, EI): m/z (%) = 446 (60) [M]+, 305, 187, 133 
EA calcd (%) for C24H25F3N2OS (446.53): C 64.55, H 5.64, N 6.27; found C 64.38, H 5.64, N 
6.23. 
 
7.9.2.7  (S)-N-[4-Methoxy-2-nitrophenyl]-S-methyl-S-phenylsulfoximine (56c) 
 
N NO2S
O
Ph
Me
OCH3
 
 
The product was prepared according to method 2B using 1-iodo-4-methoxy-2-nitrobenzene 
(55b) (502 mg, 1.80 mmol), (S)-S-methyl-S-phenylsulfoximine (6a) (140 mg, 0.90 mmol) and 
CsOAc (432 mg, 2.25 mmol). After purification by flash chromatography (silica gel, 
pentane/EtOAc 7:3), the target compound was obtained as an orange oil (220 mg, 0.72 mmol).  
Yield = 80% 
 
[a]D20 = –124.5 (c = 0.6 in CHCl3) 
1H NMR (300 MHz, CDCl3): δ = 3.19 (s, 3H, CH3), 3.69 (s, 3H, OCH3), 6.79 (dd, J=9.1, 3.1 
Hz, 1H, Ar-H), 7.13 (d, J=3.1 Hz, 1H, Ar-H), 7.17 (d, J=9.1 Hz, 1H, Ar-H), 7.46-7.59 (m, 3H, 
Ar-H), 7.97-8.00 (m, 2H, Ar-H) ppm 
13C NMR (75 MHz, CDCl3): δ = 45.4, 55.9, 109.0, 119.8, 126.1, 128.7, 129.7, 132.0, 133.8, 
138.7, 145.2, 154.2 ppm 
IR (KBr): n = 2928, 1524, 1494, 1278, 1225, 1098 cm–1 
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MS (70 eV, EI): m/z (%) = 306 (100) [M]+, 166, 124, 77 
EA calcd (%) for C14H14N2O4S (306.34): C 54.89, H 4.61, N 9.14; found: C 54.87, H 4.24, N 
9.28. 
 
7.9.2.8  (S)-N-[2-Amino-4-methoxyphenyl]-S-methyl-S-phenylsulfoximine (57c) 
 
N NH2S
O
Ph
Me
OCH3
 
 
The product was prepared according to method 3 using nitrosulfoximine 56c (438 mg, 1.43 
mmol), a mixture of EtOH (12 mL) and H2O (18 mL), glacial acetic acid (1.4 mL, 2.44 mmol) 
and iron (239 mg, 4.29 mmol).The reaction mixture was stirred under reflux conditions for 5 h. 
The product was purified by flash chromatography (silica gel, CH2Cl2/ MeOH 99:1 with 1% of 
Et3N) to afford 57c. This product was directly used in the reductive amination without further 
characterization. 
 
7.9.2.9  (S)-N-[4-Methoxy-2-(2,4,6-trimethylbenzylamino)phenyl]-S-methyl-S-
phenylsulfoximine (47c) 
 
HN
OCH3
NS
O
Ph
Me
 
 
The product was prepared according to method 5 using 2,4,6-trimethylbenzaldehyde (114 mg, 
0.77 mmol), the aminosulfoximine 57c (214 mg, 0.77 mmol), NaBH3CN (44 mg, 0.70 mmol) 
and MeOH (12.4 mL). After purification by flash chromatography (silica gel, pentane/EtOAc 
8.5:1.5), the target compound was obtained as a yellow oil (172 mg, 0.42 mmol)  
Yield = 30%, over two steps (nitro group reduction and reductive amination) 
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[a]D20 = –101 (c = 1.0 in CHCl3) 
1H NMR (400 MHz, CDCl3): δ = 2.31 (s, 3H, CH3), 2.40 (s, 6H, CH3), 3.11 (s, 3H, CH3), 3.72 
(s, 3H, OCH3), 4.16/4.23 (AB system, J=11.5 Hz, 2H, CH2), 4.47 (br s, NH), 5.98 (dd, J=8.5, 
2.8 Hz, 1H, Ar-H), 6.30 (d, J=2.8 Hz, 1H, Ar-H), 6.84 (d, J=8.5 Hz, 1H, Ar-H), 6.92 (s, 2H, 
Ar-H), 7.41-7.56, (m, 3H, Ar-H), 7.81-7.85 (m, 2H, Ar-H) ppm 
13C NMR (100 MHz, CDCl3): δ = 19.5, 20.9, 42.4, 45.7, 55.1, 97.3, 99.2, 121.5, 124.5, 128.3, 
128.8, 129.2, 132.3, 132.9, 136.8, 137.4, 139.2, 143.7, 155.9 ppm 
IR (KBr): n = 3410, 3063, 3010, 2926, 2873, 1621, 1584, 1510, 1447, 1421, 1258, 1211, 1052, 
752 cm–1 
MS (70 eV, EI): m/z (%) = 408 (100) [M]+, 267, 149, 134 
EA calcd (%) for C24H28N2O2S (408.56): C 70.55, H 6.91, N 6.86; found C 70.31, H 6.61, N 
6.70. 
 
7.9.2.10  (S)-N-[4-Methyl-2-nitrophenyl]-S-methyl-S-phenylsulfoximine (56d) 
 
N NO2S
O
Ph
Me
CH3
 
 
The product was prepared according to method 1A using 1-bromo-4-methyl-2-nitrobenzene 
(54c) (500 mg, 2.31 mmol) and (S)-S-methyl-S-phenylsulfoximine (6a) (450 mg, 2.89 mmol), 
Pd(OAc)2 (26 mg, 0.12 mmol), rac-BINAP (108 mg, 0.17 mmol), Cs2CO3 (1.05 g, 3.2 mmol) 
and toluene (40 mL). After purification by flash chromatography (silica gel, pentane/EtOAc 
4:1), the target compound was obtained as a yellow oil (630 mg, 2.2 mmol).  
Yield = 95% 
 
[a]D20 = –85.1 (c = 1.0 in CHCl3) 
1H NMR (400 MHz, CDCl3): δ = 2.19 (s, 3H, CH3), 3.18 (s, 3H, CH3), 7.11 (d, J= 8.2 Hz, 1H, 
Ar-H), 7.38 (d, J=1.9 Hz, 1H, Ar-H), 7.98-8.00 (m, 2H, Ar-H), 7.45-7.58 (m, 3H, Ar-H), 7.98 
(dd, J=8.2, 1.9 Hz, 1H, Ar-H) ppm 
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13C NMR (100 MHz, CDCl3): δ = 20.5, 45.7, 124.5, 124.7, 128.6, 129.6, 131.5, 133.40, 133.7, 
136.3, 138.7, 144.8 ppm 
IR (KBr): n = 3064, 1496, 1278, 1213, 756 cm–1 
MS (70 eV, EI): m/z (%) = 290 (100) [M]+, 141, 77 
EA calcd (%) for C14H14N2O3S (290.34): C 57.92, H 4.86, N 9.65; found: C 57.61, H 4.90, N 
9.69. 
 
7.9.2.11  (S)-N-[2-Amino-4-methylphenyl]-S-methyl-S-phenylsulfoximine (57d) 
 
N NH2S
O
Ph
Me
CH3
 
 
The product was prepared according to method 3 using nitrosulfoximine 56d (500 mg, 1.72 
mmol), a mixture of EtOH (14 mL) and H2O (21 mL), glacial acetic acid (1.70 mL, 2.97 mmol) 
and iron (288 mg, 5.16 mmol). The reaction mixture was stirred under reflux conditions for 5 h. 
The product was purified by flash chromatography (silica gel, petroleum ether/EtOAc 7:3 with 
1% of Et3N) to afford 57d as a brown oil (144 mg, 0.55 mmol).  
Yield = 25% 
 
[a]D20 = +6.33 (c = 0.5 in CHCl3) 
1H NMR (400 MHz, CDCl3): δ = 2.12 (s, 3H, CH3), 3.20 (s, 3H, CH3), 4.10 (br s, NH2), 6.29 
(d, J=8.0 Hz, 1H, Ar-H), 6.50 (s, 1H, Ar-H), 6.77 (d, J=8.0 Hz, 1H, Ar-H), 7.54-7.56 (m, 3H, 
Ar-H), 7.93-7.97 (m, 2H, Ar-H) ppm 
13C NMR (100 MHz, CDCl3): δ = 20.8, 45.5, 115.7, 118.9, 121.7, 128.2, 128.9, 129.3, 131.9, 
132.9, 139.1, 140.1 ppm 
IR (KBr): n = 3564, 3229, 3013, 1612, 1507, 748 cm–1 
MS (70 eV, EI): m/z (%) = 260 (88%) [M]+, 141, 120 
EA calcd (%) for C14H16N2OS (260.35): C 64.58, H 6.19, N 10.76; found: C 64.46, H 5.91, N 
11.04. 
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7.9.2.12  (S)-N-[4-Methyl-2-(2,4,6-trimethylbenzylamino)phenyl]-S-methyl-S-
phenylsulfoximine (47d) 
HN
CH3
NS
O
Ph
Me
 
 
The product was prepared according to method 5 using 2,4,6-trimethylbenzaldehyde (66 mg, 
0.45 mmol), the aminosulfoximine 57d (97 mg, 0.37 mmol), NaBH3CN (23 mg, 0.37 mmol) 
and MeOH (5 mL). The target compound was obtained as a brown solid (125 mg, 0.32 mmol) 
after purification by flash chromatography (silica gel, CH2Cl2/MeOH 99:1). 
Yield = 86% 
 
m.p. = 140 °C 
[a]D20 = –128.8 (c = 1.1 in CHCl3) 
1H NMR (400 MHz, CDCl3): δ = 2.24 (s, 3H, CH3), 2.31 (s, 3H, CH3), 2.40 (s, 6H, CH3), 3.11 
(s, 3H, CH3), 4.17/4.26 (AB system, J=11.3 Hz, 2H, CH2), 4.40 (br s, NH), 6.26 (d, J=8.0 Hz, 
1H, Ar-H), 6.54 (s, 1H, Ar-H), 6.82 (d, J=8.0 Hz, 1H, Ar-H), 6.93 (s, 2H, Ar-H), 7.40-7.55 (m, 
3H, Ar-H), 7.83-7.85 (m, 2H, Ar-H) ppm 
13C NMR (100 MHz, CDCl3): δ = 19.5, 20.9, 21.4, 42.6, 45.9, 100.7, 116.8, 120.9, 128.2, 
128.4, 128.8, 129.2, 132.1, 132.6, 132.8, 136.7, 137.4, 139.2, 142.4 ppm 
IR (KBr): n = 3393, 2915, 1578, 1244, 1090 cm–1 
MS (70 eV, EI): m/z (%) = 392 (39) [M]+, 251, 133 
EA calcd (%) for C24H28N2OS (392.56): C 73.43, H 7.19, N 7.14; found C 73.20, H 7.46, N 
6.92. 
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7.9.2.13  (S)-N-[3-Methyl-2-nitrophenyl]-S-methyl-S-phenylsulfoximine (56e) 
 
N NO2S
O
Ph
Me
CH3
 
 
The product was prepared according to method 1A using 1-bromo-3-methyl-2-nitrobenzene 
(54d) (1.00 g, 4.6 mmol), (S)-S-methyl-S-phenylsulfoximine (6a) (0.90 g, 5.8 mmol), 
Pd(OAc)2 (52 mg, 0.23 mmol), rac-BINAP (215 mg, 0.35 mmol), Cs2CO3 (2.10 g, 6.4 mmol) 
and toluene (80 mL). After purification by flash chromatography (silica gel, pentane/EtOAc 
4:1), the target compound was obtained as a yellow solid (1.28 g, 4.4 mmol).  
Yield = 95% 
 
m.p. = 75–81 °C 
[a]D20 = –51.7 (c = 1.2 in CHCl3) 
1H NMR (400 MHz, CDCl3): δ = 2.23 (s, 3H, CH3), 3.23 (s, 3H, CH3), 6.71-6.75 (m, 1H, Ar-
H), 6.97-7.05 (m, 2H, Ar-H), 7.51-7.64 (m, 3H, Ar-H), 7.96-7.99 (m, 2H, Ar-H) ppm 
13C NMR (100 MHz, CDCl3): δ = 16.9, 45.7, 120.3, 123.1, 128.3, 129.5, 129.6, 133.5, 137.0, 
138.2, 147.2 ppm 
IR (KBr): n = =3022, 1527, 1306, 1109, 750 cm–1 
MS (70 eV, EI): m/z (%) = 290 (100) [M]+, 181, 141, 125, 77 
EA calcd (%) for C14H14N2O3S (290.34): C 57.92, H 4.86, N 9.65; found: C 57.99, H 4.67, N 
10.01. 
 
7.9.2.14  (S)-N-[2-Amino-3-methylphenyl]-S-methyl-S-phenylsulfoximine (57e) 
 
N NH2S
O
Ph
Me
CH3
 
 
The product was prepared according to method 3 using nitrosulfoximine 56e (700 mg, 2.41 
mmol), a mixture of EtOH (20 mL) and H2O (30 mL), glacial acetic acid (2.40 mL, 4.19 mmol) 
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and iron (403 mg, 7.23 mmol). The reaction mixture was stirred under reflux conditions for 5 h. 
The product was purified by flash chromatography (silica gel, CH2Cl2/ MeOH 99:1 with 1% of 
Et3N) to afford 57e as a beige oil (157 mg, 0.60 mmol).  
Yield = 25% 
 
[a]D20 = –40.2 (c = 0.5 in CHCl3) 
1H NMR (300 MHz, CDCl3): δ = 2.20 (s, 3H, CH3), 3.28 (s, 3H, CH3), 4.19 (br s, NH2), 6.46 
(t, J=7.7 Hz, 1H, Ar-H), 6.65 (d, J=7.7 Hz, 1H, Ar-H), 6.79 (d, J=7.7 Hz, 1H, Ar-H), 7.47–7.62 
(m, 3H, Ar-H), 7.96-8.00 (m, 2H, Ar-H) ppm 
13C NMR (75 MHz, CDCl3): δ = 17.8, 45.9, 118.6, 119.4, 123.2, 124.0, 128.5, 129.6, 131.9, 
133.2, 137.6, 139.3 ppm 
IR (KBr): n = 3456, 3364, 3060, 1444, 1174, 667 cm–1 
MS (70 eV, EI): m/z (%) = 260.1 (100) [M]+, 141, 120 
EA calcd (%) for C14H16N2OS (260.35): C 64.58, H 6.19, N 10.76; found: C 64.67, H 6.10, N 
10.59. 
 
7.9.2.15  (S)-N-[3-Methyl-2-(2,4,6-trimethylbenzylamino)phenyl]-S-methyl-S-
phenylsulfoximine (47e) 
 
N HNS
O
Ph
Me
CH3
 
 
The product was prepared according to method 5 using 2,4,6-trimethylbenzaldehyde (90 mg, 
0.61 mmol), the aminosulfoximine 57e (132 mg, 0.51 mmol), NaBH3CN (32 mg, 0.51 mmol) 
and MeOH (7 mL). After purification by flash chromatography (silica gel, CH2Cl2/MeOH 
99:1), the target compound was obtained as a yellow oil (117 mg, 0.30 mmol).  
Yield = 59% 
 
[a]D20 = –56.5 (c = 1.3 in CHCl3) 
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1H NMR (400 MHz, CDCl3): δ = 2.28 (s, 3H, CH3), 2.44 (s, 3H, CH3), 2.46 (s, 6H, CH3), 3.08 
(s, 3H, CH3), 4.12/4.22 (AB system, J=11.5 Hz, 2H, CH2), 6.26 (d, J=8.0 Hz, 1H, Ar-H), 6.53-
6.58 (m, 1H, Ar-H), 6.67-6.75 (m, 1H, Ar-H), 6.89 (s, 2H, Ar-H), 7.38-7.56 (m, 3H, Ar-H), 
7.65-7.69 (m, 2H, Ar-H) ppm 
13C NMR (100 MHz, CDCl3): δ = 19.6, 20.0, 21.2, 45.7, 46.7, 118.4, 121.1, 124.8, 128.4, 
129.0, 129.4, 129.5, 133.1, 134.5, 136.3, 136.6, 137.4, 139.2, 142.2 ppm 
IR (KBr): n = 3326, 3011, 1445, 1264, 746 cm–1 
MS (70 eV, EI): m/z (%) = 392.2 (22) [M]+, 251, 133 
EA calcd (%) for C24H28N2OS (392.56): C 73.43, H 7.19, N 7.14; found C 73.54, H 7.30, N 
7.03. 
 
7.9.2.16  Bromo-4,5-dimethyl-2-nitrobenzene (54e) 
 
Br NO2
H3C CH3
 
 
A solution of 4,5-dimethyl-2-nitroaniline (3.0 g, 18.0 mmol) in a mixture of distilled water 
(114 mL) and an aqueous solution of HBr (48%, 32 mL), was stirred for 30 min to 70 °C. After 
cooling to –5 °C, a solution of NaNO2 (7.8 g, 113.0 mmol) in distilled water (38 mL) was 
added. The temperature was maintained at –5 °C for 15 min and then a freshly prepared and 
cooled (with ice bath) solution of CuBr (32.7 g, 243.0 mmol) in an aqueous solution of HBr 
(48%, 62 mL) was added to the resulting mixture. After heating for 15 min to 70 °C, the 
mixture was extracted with chloroform (3X200 mL). The combined organic extracts were 
washed with an aqueous solution of NaOH (10%, 200 mL), dried over magnesium sulfate and 
the solvent was removed under reduced pressure. The product was purified by flash 
chromatography (silica gel, pentane/EtOAc 9:1) to afford 54e as a yellow solid (3.6 g, 15.7 
mmol). 
Yield: 87% 
 
m.p. = 60 °C 
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1H NMR (400 MHz, CDCl3): δ = 2.28 (s, 3H, CH3), 2.30 (m, 3H, CH3), 7.45 (s, 1H, Ar-H), 
7.64 (s, 1H, Ar-H) ppm 
13C NMR (100 MHz, CDCl3): δ = 19.4, 19.7, 111.2, 126.5, 135.5, 137.6, 143.8, 147.0 ppm 
IR (KBr): n = 2926, 2863, 1521, 1347, 1021, 889 cm–1 
MS (70 eV, EI): m/z (%) = 229, 231 (99) [M]+, 104, 92, 77 
EA calcd (%) for C8H8BrNO2 (230.06): C 41.77, H 3.50, N 6.09; found: C 41.64, H 3.75, N 
5.87. 
 
7.9.2.17  (S)-N-[4,5-Dimethyl-2-nitrophenyl]-S-methyl-S-phenylsulfoximine (56f) 
 
N NO2S
O
Ph
Me
H3C CH3
 
 
The product was prepared according to method 2B using 1-bromo-4,5-dimethyl-2-nitrobenzene 
(54e) (1.0 g, 4.35 mmol), (S)-S-methyl-S-phenylsulfoximine (6a) (337 mg, 2.18 mmol] and 
CsOAc (1.046 g, 5.45 mmol). After purification by flash chromatography (silica gel, 
pentane/EtOAc 4:1), the target compound was obtained as a yellow solid (527 mg, 1.73 mmol). 
Yield = 80% 
 
m.p. = 104 °C 
[a]D20 = –62.0 (c = 1.2 in CHCl3) 
1H NMR (300 MHz, CDCl3): δ = 2.16 (s, 3H, CH3), 2.17 (s, 3H, CH3), 3.25 (s, 3H, CH3), 7.11 
(s, 1H, Ar-H), 7.51 (s, 1H, Ar-H), 7.53-7.66 (m, 3H, Ar-H), 8.08-8.10 (m, 2H, Ar-H) ppm 
13C NMR (75 MHz, CDCl3): δ = 18.8, 19.9, 45.4, 125.3, 125.6, 128.4, 129.4, 130.3, 133.4, 
136.7, 138.7, 142.4, 142.5 ppm 
IR (KBr): n = 3031, 2936, 1521, 1300, 1221, 1105, 989, 726 cm–1 
MS (70 eV, EI): m/z (%) = 304 (100) [M]+, 141, 77 
EA calcd (%) for C15H16N2O3S (304.37): C 59.19, H 5.30, N 9.20; found: C 59.14, H 5.32, N 
9.25. 
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7.9.2.18  (S)-N-[2-Amino-4,5-dimethylphenyl]-S-methyl-S-phenylsulfoximine (57f) 
 
N NH2S
O
Ph
Me
H3C CH3
 
 
The product was prepared according to method 3 using nitrosulfoximine 56f (721 mg, 2.37 
mmol), a mixture of EtOH (20 mL) and H2O (30 mL), glacial acetic acid (2.4 mL, 4.19 mmol) 
and iron (396 mg, 7.10 mmol). The reaction mixture was stirred under reflux conditions for 5 h. 
The product was purified by flash chromatography (silica gel, CH2Cl2/MeOH 99:1 with 1% of 
Et3N) to afford 57f as a brown oil (459 mg, 1.68 mmol).  
Yield = 71% 
 
[a]D20 = +35.0 (c = 1.1 in CHCl3) 
1H NMR (300 MHz, CDCl3): δ = 1.98 (s, 3H, CH3), 2.06 (s, 3H, CH3), 3.21 (s, 3H, CH3), 3.87 
(br s, NH2), 6.50 (s, 1H, Ar-H), 6.72 (s, 1H, Ar-H), 7.49-7.61 (m, 3H, Ar-H), 7.98-8.01 (m, 2H, 
Ar-H) ppm 
13C NMR (75 MHz, CDCl3): δ = 18.8, 19.2, 45.5, 116.6, 123.4, 126.0, 128.3, 128.9, 129.3, 
130.4, 132.9, 138.2, 139.4 ppm 
IR (KBr): n = 3073, 3000, 2963, 2863, 1621, 1515, 1452, 1226, 757 cm–1 
MS (70 eV, EI): m/z (%) = 274 (100) [M]+, 134, 119, 107 
HRMS (EI): m/z: calcd for C15H18N2OS (274.38): 274.1140; found 274.1140 [M]+. 
 
7.9.2.19  (S)-N-[4,5-Dimethyl-2-(2,4,6-trimethylbenzylamino)phenyl]-S-methyl-S-
phenylsulfoximine (47f) 
HN
CH3
NS
O
Ph
Me
H3C
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The product was prepared according to method 5 using 2,4,6-trimethylbenzaldehyde (110 mg, 
0.74 mmol), the aminosulfoximine 57f (204 mg, 0.74 mmol), NaBH3CN (42 mg, 0.67 mmol) 
and MeOH (11.9 mL). After purification by flash chromatography (silica gel, pentane/EtOAc 
8.5:1.5), the target compound was obtained as an orange solid (236 mg, 0.58 mmol). 
Yield = 78% 
 
m.p. = 157 °C 
[a]D20 = –78 (c = 1.1 in CHCl3) 
1H NMR (300 MHz, CDCl3): δ = 2.01 (s, 3H, CH3), 2.17 (s, 3H, CH3), 2.31 (s, 3H, CH3), 2.41 
(s, 6H, CH3), 3.11 (s, 3H, CH3), 4.16/4.25 (AB system, J=11.1 Hz, 2H, CH2), 6.54 (s, 1H, Ar-
H), 6.75 (s, 1H, Ar-H), 6.92 (s, 2H, Ar-H), 7.40-7.57 (m, 3H, Ar-H), 7.84-7.88 (m, 2H, Ar-H) 
ppm 
13C NMR (75 MHz, CDCl3): δ = 19.5, 19.6, 21.0, 43.1, 45.9, 112.0, 123.1, 124.1, 128.5, 128.8, 
129.0, 129.4, 130.4, 133.0, 133.1, 136.8, 137.6, 139.7, 140.9 ppm 
IR (KBr): n = 3421, 3000, 2915, 2852, 1610, 1515, 1442, 1242, 1126, 1015, 852 cm–1 
MS (70 eV, EI): m/z (%) = 406 (76) [M]+, 265, 147, 133 
EA calcd (%) for C25H30N2OS (406.58): C 73.85, H 7.44, N 6.89; found C 73.63, H 7.17, N 
6.65. 
 
7.9.2.20  N-(2-bromo-phenyl)-acetamide  
 
Br NHAc  
 
At 0 °C under atmospheric pressure, o-bromoaniline (61) (10 g, 0.06 mol) was treated with 
acetic anhydride (13 mL, 0.12 mol). After heating to 70 °C for 20 min, the excess of acetic 
anhydride was evaporated under reduced pressure. Purification by flash chromatography (silica 
gel, CH2Cl2) afforded N-(2-bromo-phenyl)-acetamide as a white solid (12.5 g, 0.06 mmol).  
Yield = 100% 
 
m.p. = 96 °C 
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1H NMR (300 MHz, CDCl3): δ = 2.29 (s, 3H, CH3), 7.03 (d, J = 7.9 Hz, 1H, Ar-H), 7.36 (t, J = 
7.9 Hz, 1H, Ar-H), 7.59 (d, J = 7.9 Hz, 1H, Ar-H), 7.66 (br s, NH), 8.38 (d, J = 7.9 Hz, 1H, Ar-
H) ppm 
13C NMR (75 MHz, CDCl3): δ = 24.9, 113.0, 122.0, 125.2, 128.4, 132.3, 136.0, 168.0 ppm 
IR (KBr): n = 3279, 1661, 1531, 1295 cm–1 
MS (70 eV, EI): m/z (%) = 212, 214 (22) [M]+, 171, 173, 135 
EA calcd (%) for C8H8BrNO (214.06): C, 44.89; H, 3.77; N, 6.54; found C, 45.06; H, 3.76 ; N, 
6.52. 
 
7.9.2.21   Synthesis of N-(2-bromo-4-nitrophenyl)-acetamide (62a) and N-(2-bromo-6-
nitro-phenyl)-acetamide (62b) 
 
A cooled (with ice bath) freshly prepared solution of HNO3 (65%, 0.3 mL) and H2SO4 (37%, 
0.4 mL) was slowly added to N-(2-bromophenyl)-acetamide (0.5 g, 2.3 mmol). The reaction 
mixture was stirred at room temperature for 7 h. Then, water was added and the aqueous layer 
was extracted with CH2Cl2. The combined organic extracts were dried over magnesium sulfate, 
filtered and concentrated under reduced pressure to give a mixture of N-(2-bromo-4-nitro-
phenyl)-acetamide (62a) and N-(2-bromo-6-nitrophenyl)-acetamide (62b), which were 
separated and purified by flash chromatography (silica gel, CH2Cl2). 
 
Ø N-(2-Bromo-6-nitrophenyl)-acetamide (62a) 
 
Br NHAc
NO2
 
 
The target compound was obtained as a brown solid (90 mg, 0.4 mmol) 
Yield = 17% 
 
m.p. = 187 °C 
1H NMR (300 MHz, CDCl3): δ = 2.17 (s, 3H, CH3), 7.62 (m, 1H, Ar-H), 7.86-7.78 (m, 2H, Ar-
H) ppm 
13C NMR (75 MHz, CDCl3): δ = 22.6, 120.8, 123.4, 124.0, 126.2, 128.3, 136.3, 167.1 ppm 
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IR (KBr): n = 3273, 1533, 1458, 1357 cm–1 
MS (70 eV, EI), m/z (%): 257, 259 (2) [M]+, 216, 218, 180 
EA calcd (%) for C8H7BrN2O3 (259.06): C, 37.09; H, 2.72; N, 10.81; found C, 36.75; H, 2.96; 
N, 10.80. 
 
Ø N-(2-Bromo-4-nitrophenyl)-acetamide (62b) 
 
Br NHAc
O2N
 
 
The target compound was obtained as a yellow solid (178 mg, 0.7 mmol) 
Yield = 30% 
 
m.p. = 129 °C 
1H NMR (300 Mz, CDCl3): δ = 2.36 (s, 3H, CH3), 7.95 (br s, NH) 8.23 (dd, J = 9.2 Hz, J = 2.7 
Hz, 1H, Ar-H), 8.49 (d, J = 2.7 Hz, 1H, Ar-H), 8.7 (d, J = 9.2 Hz, 1H, Ar-H) ppm 
13C NMR (75 MHz, CDCl3): δ = 25.2, 111.9, 120.2, 124.2, 127.9, 141.4, 143.2, 168.6 ppm 
IR (KBr): n = 3261, 1677, 1534, 1508, 1342 cm–1 
MS (70 eV, EI): m/z (%) =257, 259 (28) [M]+, 216, 218, 180 
EA calcd (%) for C8H7BrN2O3 (259.06): C, 37.09; H, 2.72; N, 10.81; found C, 36.93; H, 3.05; 
N, 10.86. 
 
7.9.2.22  (S)-N-(2-Acetylamino-3-nitrophenyl)-S-methyl-S-phenylsulfoximine (31a) 
 
N NHAcS
O
Ph
Me
NO2
 
 
The product was prepared according to method 2C using (S)-S-methyl-S-phenylsulfoximine 
(6a) (60.5 mg, 0.390 mmol) and N-(2-bromo-6-nitro-phenyl)-acetamide (62a) (50.5 mg, 0.195 
mmol) and CsOAc (94 mg, 0.488 mmol). Purification by flash chromatography (silica gel, 
CH2Cl2/MeOH 98:2) afforded 31a as a white solid (31 mg, 0.093mmol).  
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Yield = 48% 
 
m.p. = 156 °C  
1H NMR (400 MHz, CDCl3): δ = 2.28 (s, 3H, CH3), 3.37 (s, 3H, CH3), 7.00 (t, J = 8.2 Hz, 1H, 
Ar-H), 7.19 (dd, J = 8.2, J = 1.4 Hz, 1H, Ar-H), 7.43 (dd, J = 8.2 Hz, J = 1.4 Hz, 1H, Ar-H), 
7.71-7.59 (m, 3H, Ar-H), 8.02-8.00 (m, 2H, Ar-H), 8.15 (br s, NH) ppm 
13C NMR (100 MHz, CDCl3): δ = 23.9, 46.1, 117.6, 124.0, 125.3, 125.5, 128.4, 129.9, 134.0, 
138.0, 140.5, 145.0, 168.4 ppm 
IR (film): n = 3350, 3018, 1688, 1532, 1443, 1224, 1098, 752 cm–1 
MS (70 eV, EI): m/z (%) = 333 (80) [M]+, 291, 141, 125 
EA calcd (%) for C15H15N3O4S (333.36): C, 54.04; H, 4.54; N, 12.60; found C, 54.17; H, 4.31; 
N, 12.91. 
 
7.9.2.23   (S)-N-(2-Acetylamino-5-nitrophenyl)-S-methyl-S-phenylsulfoximine (31b) 
 
N NHAcS
O
Ph
Me
O2N
 
 
The product was prepared according to method 2C using (S)-S-methyl-S-phenylsulfoximine 
(6a) (61.0 mg, 0.390 mmol) and N-(2-bromo-4-nitro-phenyl)-acetamide (62b), (50.0 mg, 0.190 
mmol) and CsOAc (91 mg, 0.475 mmol). Purification by flash chromatography (silica gel, 
CH2Cl2/MeOH 98:2) afforded 31b as a yellow solid (42 mg , 0.126 mmol). 
Yield = 66% 
 
m.p. = 184 °C 
1H NMR (400 MHz, CDCl3): δ = 2.33 (s, 3H, CH3), 3.33 (s, 3H, CH3), 7.60 (d, J = 2.5 Hz, 1H, 
Ar-H), 7.63-7.51 (m, 3H, Ar-H), 7.70 (dd, J = 9.1 Hz, J = 2.5 Hz, 1H, Ar-H), 7.86-7.83 (m, 2H, 
Ar-H), 8.44 (d, J = 9.1 Hz, 1H, Ar-H), 8.59 (br s, NH) ppm 
13C NMR (100 MHz, CDCl3): δ = 25.4, 46.4, 114.9, 118.0, 118.3, 128.2, 130.3, 133.3, 134.4, 
137.2, 137.7, 142.6, 168.5 ppm 
IR (KBr): n = 3361, 1702, 1508, 1335, 1231, 1101 cm–1 
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MS (70 eV, EI): m/z (%) = 333 (100) [M]+, 291, 140, 125 
EA calcd (%) for C15H15N3O4S (333.36): C, 54.04; H, 4.54; N, 12.60; found C, 53.66; H, 4.57; 
N, 12.64. 
 
7.9.2.24   (S)-N-(2-Amino-5-nitrophenyl)-S-methyl-S-phenylsulfoximine (63b) 
 
N NH2S
O
Ph
Me
O2N
 
 
To a solution of (S)-N-(2-acetylamino-3-nitrophenyl)-S-methyl-S-phenylsulfoximine (31b) (44 
mg, 0.132 mmol) in MeOH (10 mL), Cs2CO3 (47 mg, 0.145 mmol) was added. After stirring 
under reflux conditions for 12 h, the reaction mixture was quenched with H2O, and extracted 
with CH2Cl2 (3X20mL). The combined organic layers were dried over magnesium sulfate. The 
solvent was removed, and the product was purified by flash chromatography (silica gel, 
EtOAc) to afford 63b as a brown oil (25 mg, 0.086 mmol). 
Yield = 66% 
 
1H NMR (400 MHz, CDCl3): δ = 3.39 (s, 3H, CH3), 4.8 (br s, 2H, NH2), 6.70 (d, J = 8.2 Hz, 
1H, Ar-H), 7.59-7.77 (m, 5H, Ar-H), 8.00 (d, J = 7.9 Hz, 2H, Ar-H) ppm 
13C NMR (100 MHz, CDCl3): δ = 46.1, 112.5, 116.6, 119.9, 128.4, 129.9, 131.0, 133.9, 138.0, 
139.0, 146.9 ppm. 
 
7.9.2.25  (S)-N-(2-Bromo-5-nitrophenyl)-2,4,6-trimethyl-benzamide (65) 
 
Br HN
O
NO2
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A solution of 2-bromo-5-nitroaniline (64) (500 mg, 2.30 mmol) in CH2Cl2 (20 mL) was cooled 
to 0° C. Then, NEt3 (416 μL, 2.99 mmol) was added slowly to the reaction mixture, following 
by 2,4,6-trimethylbenzoyl chloride (503 mg, 2.76 mmol) dropwise. After stirring for 1 h at 0 
°C, and then 12 h at room temperature, the reaction mixture was quenched with H2O (20 mL). 
The aqueous layer was extracted with CH2Cl2 (3X20 mL), the combined organic layers were 
dried over magnesium sulfate and the solvent was evaporated under vacuum. The crude 
product was then purified by flash chromatography (silica gel, CH2Cl2/pentane 7:3) to afford 
two fractions. The first one contained pure 65 as a white solid (184 mg, 0.5 mmol), and the 
second one a non separable mixture of starting material (123 mg, 0.56 mmol) and 65 (342 mg, 
0.94 mmol). 
Yield = 61% 
 
m.p. = 191–193 °C  
1H NMR (400 MHz, CDCl3): δ = 2.26 (s, 3H, CH3), 2. 31 (s, 6H, 2XCH3), 6.86 (s, 2H, Ar-H), 
7.69 (d, J = 8.8 Hz, 1H, Ar-H), 7.79 (br s, 1H, NH), 7.83 (dd, J = 8.2 Hz, J = 2.8 Hz, 1H, Ar-
H), 7.40 (d, J = 2.8 Hz, 1H, Ar-H) ppm 
13C NMR (100 MHz, CDCl3): δ = 19.4, 21.1, 116.7, 119.6, 120.0, 128.7, 132.9, 133.8, 134.4, 
136.6, 139.6, 147.8, 168.9 ppm 
IR (KBr): n = 3230, 2965, 2915, 2720, 2571, 1610, 1410, 1303, 1410, 1032 cm–1 
MS (70 eV, EI): m/z (%) = 363 (2) [M]+, 147, 119, 91 
EA calcd (%) for C16H15BrN2O3 (363.21): C, 52.91; H, 4.16; N, 7.71; found C, 52.61; H, 4.18; 
N, 7.66. 
 
7.9.2.26  (S)-N-[4-Nitro-2-(2,4,6-trimethylbenzamido)phenyl]-S-methyl-S-
phenylsulfoximine (66) 
 
HN
O
NO2
NS
O
Ph
Me
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The product was prepared according to method 2C using (S)-N-(2-bromo-5-nitro-phenyl)-
2,4,6-trimethyl-benzamide (65) (235 mg, 0.60 mmol), (S)-S-methyl-S-phenylsulfoximine (6a) 
(201 mg, 1.29 mmol) and CsOAc (313 mg, 1.63 mmol). After purification by flash 
chromatography (silica gel, pentane/EtOAc 7:3), the target compound was obtained as a yellow 
solid (153 mg, 0.35 mmol).  
Yield = 54% 
 
m.p. = 76–78 °C 
[a]D20 = –85.3 (c = 1.0 in CHCl3) 
1H NMR (400 MHz, CDCl3): δ = 2.23(s, 3H, CH3), 2.35 (s, 3H, 2XCH3), 3.23 (s, 3H, CH3),  
6.82 (d, J = 8.8 Hz, 1H, Ar-H), 6.84 (s, 2H Ar-H), 7.47-7.52 (m, 2H, Ar-H), 7.56-7.62 (m, 2H, 
Ar-H), 7.74-7.77 (m, 2H, Ar-H), 8.47 (br s, 1H, NH), 9.32 (d, J = 2.8 Hz, 1H, Ar-H) ppm 
13C NMR (100 MHz, CDCl3): δ = 19.7, 21.3, 46.9, 114.9, 118.9, 119.5, 128.1, 128.6, 130.2, 
131.4, 134.4, 134.9, 137.3, 139.1, 140.8, 141.8, 168.5 ppm 
IR (KBr): n = 3362, 3018, 2927, 1672, 1518, 1140, 756 cm–1 
MS (70 eV, EI): m/z (%) = 437 (20) [M]+, 147, 119, 91, 77 
HRMS (EI): m/z : calcd for C23H23SN3O4: 437.1409; found 437.1409 [M]+.  
 
 
7.9.3 Phenyl-bridged aminosulfoximines with modifications on the sulfoximine 
substituents 
 
7.9.3.1  (S)-N-(2-Nitrophenyl)-S-tert-butyl-S-phenylsulfoximine (68) 
 
NO2NS
O
Ph
 
 
The product was prepared according to method 1A using o-bromonitrobenzene (54a) (161.5 
mg, 0.80 mmol), (S)-S-tert-butyl-S-phenylsulfoximine (6e) (187.0 mg, 1.00 mmol), Pd(OAc)2 
(9 mg, 0.04 mmol), rac-BINAP (37 mg, 0.06 mmol), Cs2CO3 (365 mg, 1.12 mmol) and toluene 
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(15 mL). The product was purified by flash chromatography (silica gel, CH2Cl2) to afford 68 
(175 mg, 0.053 mmol). 
Yield = 66% 
1H NMR (400 MHz, CDCl3): δ = 1.36 (s, 9H, 3XCH3), 6.71-6.78 (m, 1H, Ar-H), 7.01-7.04 (m, 
2H, Ar-H), 7.42-7.47 (m, 2H, Ar-H), 7.51-7.57(m, 2H, Ar-H), 7.83-7.87 (m, 2H, Ar-H) ppm 
13C NMR (100 MHz, CDCl3): δ = 23.6, 62.9, 119.9, 123.5, 124.5, 129.2, 131.5, 132.4, 133.5, 
140.5, 144.5 ppm 
 
7.9.3.2  (S)-N-(2-Nitrophenyl)-S-methyl-S-p-morpholinophenylsulfoximine (69) 
 
NO2NS
O
Me
N
O
 
 
The product was prepared according to method 1A using o-bromonitrobenzene (54a) (34.3 mg, 
0.17 mmol), (S)-S-methyl-S-p-morpholinophenylsulfoximine (6f) (50.0 mg, 0.20 mmol), 
Pd(OAc)2 (19.1 mg, 0.085 mmol), rac-BINAP (7.9 mg, 0.0128 mmol), Cs2CO3 (77.5 mg, 
0.238 mmol) and toluene (3 mL). The product was purified by flash chromatography (silica 
gel, pentane/EtOAc 5:5) to afford 69 (38 mg, 0.11 mmol). 
Yield = 62% 
 
1H NMR (400 MHz, CDCl3): δ = 3.15 (s, 3H, CH3), 3.20-3.24 (m, 4H, 2XCH2), 3.75-3.77 (m, 
4H, 2XCH2), 6.80-6.87 (m, 3H, Ar-H), 7.12-7.23 (m, 2H, Ar-H), 7.52-7.55 (m, 1H, Ar-H), 
7.78-7.82 (m, 2H, Ar-H) ppm 
13C NMR (100 MHz, CDCl3): δ = 23.6, 62.9, 120.0, 123.5, 124.5, 129.2, 131.5, 132.4, 133.5, 
140.5, 144.5 ppm 
 
7.9.3.3  (S)-N-(2-Nitrophenyl)-S-methyl-S-p-phenylphenylsulfoximine (70) 
 
NO2NS
O
Me  
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The product was prepared according to method 1B using o-bromonitrobenzene (54a) (52.5 mg, 
0.26 mmol), (S)-S-methyl-S-p-phenylphenylsulfoximine (6g) (75.0 mg, 0.32 mmol), Pd2(dba)3 
(11.9 mg, 0.013 mmol), rac-BINAP (12.1 mg, 0.0195 mmol), Cs2CO3 (119 mg, 0.364 mmol) 
and toluene (4.5 mL). The product was purified by flash chromatography (silica gel, CH2Cl2) to 
afford 70 (60 mg, 0.17 mmol). 
Yield = 65% 
 
1H NMR (400 MHz, CDCl3): δ = 3.22 (s, 3H, CH3), 6.83-6.89 (m, 1H, Ar-H), 7.14-7.19 (m, 
1H, Ar-H), 7.22-7.26 (m, 1H, Ar-H), 7.31-7.42 (m, 3H, Ar-H), 7.48-7.52 (m, 2H, Ar-H), 7.55-
7.58 (m, 1H, Ar-H), 7.65-7.70 (m, 2H, Ar-H), 8.02-8.05 (m, 2H, Ar-H) ppm 
13C NMR (100 MHz, CDCl3): δ = 46.1, 121.4, 124.4, 124.5, 127.4, 128.3, 128.7, 129.1, 132.6, 
137.0, 138.9, 139.2, 145.2, 146.7 ppm 
 
 
7.9.4 Naphthalene-bridged Sulfoximines 
 
7.9.4.1   (S,S)-N,N'-(1,8-Bis-naphthyl)-S-methyl-S-phenylsulfoximine (33) 
 
N NS
O
Me
Ph S
O
Me
Ph  
 
Under an argon atmosphere a Schlenk-flask was charged with 1,8-diiodonaphthalene (75b)148 
(195 mg, 0.51 mmol), (S)-S-methyl-S-phenylsulfoximine (6a) (319 mg, 2.06 mmol), Cs2CO3 
(1.34 g, 4.10 mmol) and CuI (195 mg, 1.03 mmol). The solids were dissolved in degassed 
DMSO (1 mL) and the resulting mixture was heated to 90 °C overnight. After being cooled 
down to room temperature, the mixture was diluted with CH2Cl2 and neutralized with an 
aqueous solution of HCl (6 M). The aqueous layer was extracted with CH2Cl2, the combined 
organic extracts were dried over magnesium sulfate, filtered and concentrated under reduced 
pressure. Purification by column chromatography (silica gel, petroleum ether/EtOAc 1:1) 
afforded 33 as a grey solid (198 mg, 0.46 mmol). 
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Yield = 90% 
 
m.p. = 110 °C 
[a]D20 = –483.3 (c = 0.5 in CHCl3) 
1H NMR (300 MHz, CDCl3): δ = 3.30 (s, 6H, 2XCH3), 7.01-7.06 (m, 2H, Ar-H), 7.18-7.23 (m, 
4H, Ar-H), 7.32-7.44 (m, 6H, Ar-H), 8.17 (d, J = 7.3 Hz, 4H, Ar-H) 
13C NMR (75 MHz, CDCl3): δ = 45.9, 119.9, 123.1, 125.6, 129.3, 129.5, 131.1, 133.0, 137.1, 
139.0, 142.1 
IR (KBr): n = 2924, 1296, 1210, 1089, 745 cm–1 
MS (70 eV, EI): m/z (%) = 434 (100) [M]+, 231, 140, 125 
EA calcd (%) for C24H22N2O2S2•H2O (452.59): C, 63.69; H, 5.34; N, 6.19; found C, 66.33; H, 
5.10; N, 6.45. 
 
7.9.4.2  (S,S)-N,N'-(1,8-Bis-naphthyl)-S-methyl-S-phenylsulfoximinium triflate (84)  
 
N NS
O
Me
Ph S
O
Me
PhH
OTf
 
 
Under an argon atmosphere (S,S)-N,N'-(1,8-bis-naphthyl)-S-methyl-S-phenylsulfoximine (33) 
(300 mg, 0.69 mmol) was dissolved in CH2Cl2 (6 mL) and treated with CF3SO3H (61 μL, 0.69 
mmol). The reaction mixture was stirred for 1 h at room temperature The solvent was removed 
under reduced pressure and the target compound 84 was obtained as a light pink solid (400 mg, 
0.69 mmol). 
Yield = 100% 
 
1H NMR (400 MHz, CDCl3): δ = 4.01 (s, 6H, 2XCH3), 7.06-7.10 (m, 4H, Ar-H), 7.28-7.32 (m, 
2H, Ar-H), 7.44-7.62(m, 6H, Ar-H), 8.02-8.08 (m, 4H, Ar-H) ppm 
13C NMR (100 MHz, CDCl3): δ = 43.9, 116.8, 119.0, 124.6, 126.1, 129.0, 130.4, 132.9, 135.5, 
136.0, 136.3 ppm 
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7.9.4.3  N-(8-Bromo-naphthyl)-2,4,6-trimethylbenzamide (73) 
 
Br HN
O
 
 
A solution of 1-amino-8-bromonaphthalene (72)149 (135 mg, 0.608 mmol) in CH2Cl2 (5 mL) 
was cooled to 0 °C. Then, NEt3 (110 μL, 0.791 mmol) was added slowly to the reaction 
mixture, following by 2,4,6-trimethylbenzoyl chloride (133 mg, 0.729 mmol) dropwise. After 
stirring for 1 h at 0 °C, and then 12 h at room temperature, the reaction mixture was quenched 
with H2O (10 mL). The aqueous layer was extracted with CH2Cl2 (3X20 mL), the combined 
organic layers were dried over magnesium sulfate and the solvent was evaporated under 
vacuum. The product was then purified by flash chromatography (silica gel, pentane/EtOAc 
4:1) to afford 73 as a white solid (184 mg, 0.5 mmol). 
Yield = 82% 
 
m.p. = 140–148 °C 
1H NMR (400 MHz, CDCl3): δ = 2.31 (s, 3H, CH3), 2.43 (s, 6H, 2XCH3), 6.90 (s, 2H, Ar-H),  
7.21-7.27 (m, 1H, Ar-H), 7.54-7.60 (m, 1H, Ar-H), 7.69-7.75 (m, 2H, Ar-H), 7.80-7.85 (m, 1H, 
Ar-H), 8.48-8.51 (m, 1H, Ar-H), 9.41 (br s, 1H, NH) ppm 
13C NMR (100 MHz, CDCl3): δ = 19.5, 21.3, 115.5, 122.9, 123.6, 125.9, 126.5, 126.6, 128.5, 
129.8, 132.2, 133.7, 134.1, 135.3, 136.7, 138.7, 168.6 ppm 
IR (KBr): n = 3230, 2858, 2019, 1929, 1657, 1525, 1272, 811 cm–1 
MS (70 eV, EI): m/z (%) = 367, 368 (5) [M]+, 288, 147. 
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7.9.4.4  (S)-N-[8-(2,4,6-trimethylbenzamido)naphthyl]-S-methyl-S-phenylsulfoximine 
(74) 
 
N HNS
O
Me
Ph
O
 
 
The product was prepared according to method 2C using N-(8-bromo-naphthyl)-2,4,6-
trimethylbenzamide (73) (151 mg, 0.41 mmol), (S)-S-methyl-S-phenylsulfoximine (6a) (127 
mg, 0.82 mmol) and CsOAc (198 mg, 1.03 mmol). After purification by flash chromatography 
(silica gel, pentane/EtOAc 7:3), the target compound 74 was obtained as a light brown solid 
(156 mg, 0.35 mmol). 
Yield = 86% 
 
m.p. = 188–192 °C 
[a]D20 = –281.4 (c = 1.1 in CHCl3) 
1H NMR (400 MHz, CDCl3): δ = 2.21 (s, 3H, CH3), 2.39 (s, 3H, CH3), 2.46 (s, 6H, 2XCH3), 
6.81-6.87 (m, 3H, Ar-H), 6.99 (t, J=7.8 Hz, 1H, Ar-H ), 7.27-7.31 (m, 1H, Ar-H), 7.40-7.46 
(m, 4H, Ar-H), 7.50-7.56 (m, 1H, Ar-H), 7.72-7.77 (m, 2H, Ar-H), 8.95-9.01 (m, 1H, Ar-H), 
13.33 (m, 1H, NH) ppm 
13C NMR (100 MHz, CDCl3): δ = 19.5, 21.2, 45.5, 115.3, 117.5, 118.8, 122.9, 123.8, 125.6, 
126.2, 128.3, 128.5, 129.9, 133.8, 134.2, 136.3, 136.9, 137.0, 137.1, 138.4, 140.6, 167.9 ppm 
IR (KBr): n = 3053, 2955, 1920, 1675, 1490, 1374, 744 cm–1 
MS (70 eV, EI): m/z (%) = 442 (100) [M]+, 296, 147. 
 
7.9.4.5  (S)-N-(8-Bromonaphthyl)-S-methyl-S-phenylsulfoximine (76a) 
 
N BrS
O
Ph
Me  
 
Experimental section 
 
156 
The product was prepared according to method 1A using 1,8-dibromo-naphthalene (75a)147 
(100 mg, 0.35 mmol), (S)-S-methyl-S-phenylsulfoximine (6a) (68 mg, 0.44 mmol), Pd(OAc)2 
(4 mg, 0.0175 mmol), rac-BINAP (16 mg, 0.0263 mmol), Cs2CO3 (160 mg, 0.49 mmol) and 
toluene (6 mL). The product was purified by flash chromatography (silica gel, pentane/EtOAc 
4:1) to yield 76a (89 mg, 0.25 mmol). 
Yield = 71% 
 
1H NMR (400 MHz, CDCl3): δ = 3.33 (s, 3H, CH3), 7.08-7.18 (m, 3H, Ar-H), 7.30-7.35 (m, 
1H, Ar-H), 7.40-7.52 (m, 3H, Ar-H), 7.62-7.66 (m, 1H, Ar-H), 7.78-7.82 (m, 1H, Ar-H), 8.00-
8.04 (m, 2H, Ar-H) ppm 
13C NMR (100 MHz, CDCl3): δ 46.0, 118.0, 119.4, 122.6, 125.6, 126.5, 126.6, 128.7, 128.9, 
129.5, 133.0, 133.1, 136.9, 138.7, 141.4 ppm 
 
7.9.4.6  (S)-N-(8-Iodonaphthyl)-S-methyl-S-phenylsulfoximine (76b) 
 
N IS
O
Me
Ph
 
 
The product was prepared according to the slighlty modified method 1A using 1,8-diiodo-
naphthalene (75b)148 (456 mg, 1.20 mmol), (S)-S-methyl-S-phenylsulfoximine (6a) (155 mg, 
1.00 mmol), Pd(OAc)2 (11 mg, 0.05 mmol), rac-BINAP (47 mg, 0.075 mmol), Cs2CO3 (456 
mg, 1.4 mmol), LiBr (174 mg, 2.00 mmol) as additive and toluene (10 mL). The product was 
purified by flash chromatography (silica gel, CH2Cl2) to yield 76b (35 mg, 0.09 mmol). 
Yield = 9% 
 
1H NMR (400 MHz, CDCl3): δ = 3.42 (s, 3H, CH3), 6.96-7.02 (m, 1H, Ar-H), 7.08-7.14 (m, 
1H, Ar-H), 7.24-7.56 (m, 5H, Ar-H), 7.66-7.72 (m, 1H, Ar-H), 7.97-8.03 (m, 2H, Ar-H), 8.23-
8.29 (m, 1H, Ar-H) ppm 
13C NMR (100 MHz, CDCl3): δ = 45.6, 88.2, 118.3, 122.7, 126.3, 126.5, 128.9, 129.5, 129.6, 
133.1, 135.9, 138.6, 140.9, 141.3 ppm. 
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7.9.4.7  1-(Diphenyl-phosphanoyl)-8-iodo-naphthalene (77b) 
 
I POPh2  
 
A solution of 1,8-diiodo-naphthalene (75b)148  (2.0 g, 5.26 mmol) in THF (30 mL), was cooled 
to –78 °C. To the reaction mixture, n-BuLi 1.6 M (3.3 mL, 5.26 mmol) was added dropwise. 
After 1 h, Ph2PCl (944 μl, 5.26 mmol) was added and the reaction mixture was stirred 
overnight at room temperature. The reaction mixture was quenched with H2O (80 mL), the 
aqueous layer was extracted with CH2Cl2 (3X20 mL) and the solvent was evaporated under 
vacuum. To the crude product dissolved in acetone (20mL) and cooled to 0 °C. Then, H2O2 
(30%, 460 μL, 5.26 mmol) was added. After 2 h, the solvent was removed under vacuum. After 
purification by flash chromatography (silica gel, EtOAc), the target compound 77b was 
obtained as a yellow solid (1.3 g, 2.86 mmol).  
Yield = 54% 
 
m.p. = 198–200 °C 
1H NMR (400 MHz, CDCl3): δ = 7.13 (t, J = 7.7 Hz, 1H, Ar-H), 7.23-7.29 (m, 1H, Ar-H), 
7.37-7.66 (m, 11H, Ar-H), 7.85-7.91 (m, 2H, Ar-H), 8.34 (dd, J = 7.4 Hz, J = 1.4 Hz, 1H, Ar-
H) ppm  
13C NMR (100 MHz, CDCl3): δ = 92.5 (d, JCP=8.6 Hz), 123.9 (d, JCP=29.3 Hz), 127.2, 128.3 
(d, JCP=24.7 Hz), 128.7, 129.7, 130.1 (d, JCP=3.0 Hz), 131.3 (d, JCP=5.4 Hz), 131.8 (d, 
JCP=18.7 Hz), 134.5 (d, JCP=6.2 Hz), 136.5 (d, JCP=16.5 Hz), 137.4 (d, JCP=12.3 Hz), 139.1 (d, 
JCP=25.1 Hz), 144.0 (d, JCP=2.0 Hz) ppm 
31P NMR (162 MHz, CDCl3): 33.89 ppm 
IR (KBr): n = 3485, 3171, 1490, 1185, 763 cm–1 
MS (70 eV, EI): m/z (%) = 327 (100) [M–I]+, 249, 202, 173 
EA calcd (%) for C22H16IOP (454.24): C 58.17, H 3.55; found: C 58.03, H 3.67. 
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7.9.4.8  (S)-N-[8-(Diphenyl-phosphanoyl)naphthyl]-S-methyl-S-phenylsulfoximine (78) 
 
N POPh2S
O
Me
Ph
 
 
Under an argon atmosphere a Schlenk-flask was charged with (S)-S-methyl-S-
phenylsulfoximine (6a) (96 mg, 0.62 mmol), 1-(diphenyl-phosphanoyl)-8-iodo-naphthalene 
(77b) (280 mg, 0.62 mmol), CuI (12 mg, 0.062 mmol), DMEDA (13 μL, 0.124 mmol) and 
Cs2CO3 (505 mg, 1.55 mmol). The solids were dissolved in distilled toluene (2 mL). After 
beeing heated to 110 °C for 12 h, the mixture was cooled to room temperature and neutralized 
with an aqueous solution of HCl (6 M, 20 mL). The aqueous layer was extracted with CH2Cl2 
(3x20 mL). The combined organic extracts were dried over magnesium sulfate, filtered and 
concentrated under reduced pressure. Purification by flash chromatography (silica gel, 
pentane/EtOAc 5:5; 3:7) afforded 78 as an orange solid (200 mg, 0.42 mmol). 
Yield = 68% 
 
m.p. = 78–84 °C 
[a]D20 = –146.7 (c = 1.0 in CHCl3) 
1H NMR (400 MHz, CDCl3): δ = 3.07 (s, 3H, CH3), 7.02 (d, J=7.4 Hz, 1H, Ar-H), 7.12-7.70 
(m, 14H, Ar-H), 7.88 (d, J=5.9 Hz, 1H, Ar-H), 8.15-8.30 (m, 2H, Ar-H), ppm 
13C NMR (100 MHz, CDCl3): δ = 44.25, 118.0, 121.5, 123.5, 124.2 (d, JCP=15.6 Hz), 126.1, 
126.9, 127.4, 127.8, 127.9, 128.1, 129.3, 129.4, 130.5 (d, JCP=2.7 Hz), 130.7, 130.9, 131.1 (d, 
JCP=4.8 Hz),132.8, 132.9, 133.9 (d, JCP=2.9 Hz) ,135.7 (d, JCP=8.4 Hz),136.9, 137.0, 138.0, 
138.4, 139.5, 142.4 ppm 
31P NMR (162 MHz, CDCl3): 36.46 ppm 
IR (KBr): n = 2964, 1219, 754 cm–1 
MS (70 eV, EI): m/z (%) = 481 (16) [M]+, 356, 264, 170 
EA calcd (%) for C29H24NO2PS (481.55): C 72.33, H 5.02, N 2.91; found: C 72.32, H 5.26, N 
2.81. 
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7.9.4.9  (S)-N-[8-(Diphenyl-phosphanoyl)naphthyl]-S-methyl-S-phenylsulfoximine (34) 
 
N PPh2S
O
Me
Ph
 
 
A solution of (S)-N-[8-(diphenyl-phosphanoyl)naphthyl]-S-methyl-S-phenylsulfoximine (78) 
(400 mg, 0.83 mmol) in distilled toluene (3 mL), was treated with NEt3 (579 μL, 4.15 mmol) 
and Cl3SiH (420 μL, 4.15 mmol). After stirring at 105 °C overnight, the reaction mixture was 
quenched with degassed H2O (20 mL) and extracted with EtOAc (3X20 mL). The residue was 
purified by flash chromatography (silica gel, pentane/EtOAc 8:2) to afford 30 as a white solid 
(130 mg, 0.28 mmol). 
Yield = 34% 
 
m.p. = 80–88 °C 
[a]D20 = –237.0 (c = 1.0 in CHCl3) 
1H NMR (400 MHz, CDCl3): δ = 3.08 (s, 3H, CH3), 6.85-6.92 (m, 2H, Ar-H), 7.08 (t, J = 7.8 
Hz, 1H, Ar-H), 7.16-7.43 (m, 14H, Ar-H), 7.45-7.53 (m, 1H, Ar-H), 7.68 (d, J = 7.9 Hz, 1H, 
Ar-H), 7.78-7.84 (m, 2H, Ar-H) ppm 
13C NMR (100 MHz, CDCl3): δ = 44.5, 116.6, 121.7, 125.4, 125.9, 127.8, 128.1, 128.2, 128.4 
(d, JCP = 6.4 Hz), 128.8, 128.9, 129.4, 129.5, 131.8, 132.9, 133.4, 133.6, 134.5 (d, JCP = 20.9 
Hz), 135.5, 135.6, 138.6, 142.4 (d, JCP = 2.9 Hz) ppm 
31P NMR (162 MHz, CDCl3): –1.81 ppm 
IR (KBr): n = 3053, 1553, 1281, 1213, 742 cm–1 
MS (70 eV, CI, CH4): m/z (%) = 482 (24) [M+CH4]+, 466 (20) [M+H]+, 356, 325, 141 
EA calcd (%) for C29H24NOPS (465.55): C 74.82, H 5.20, N 3.01; found: C 74.83, H 5.35, N 
2.69. 
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7.9.5 Indole-bridged Sulfoximines  
 
7.9.5.1  7-Bromo-indole-1-carboxylic acid tert-butyl ester (86) 
 
N
Br Boc  
 
At room temperature, 7-bromo-1H-indole (85)65 (1.0 g, 5.1 mmol) was dissolved in CH2Cl2 (5 
mL) and treated with Boc2O (1.2 g, 5.6 mmol) in presence of DMAP (13 mg, 0.1 mmol). After 
1 h, the reaction mixture was quenched with an aqueous solution of HCl (6M), and extracted 
with CH2Cl2. After purification by flash chromatography (silica gel, pentane/EtOAc 20:1), the 
solvent was removed under vacuum and the target compound was obtained as a brown oil (1.4 
g, 4.75 mmol).  
Yield= 93% 
 
1H NMR (400 MHz, CDCl3): δ = 1.64 (s, 9H, 3XCH3), 6.53-6.54 (m, 1H, Ar-H), 7.04-7.09 (m, 
1H, Ar-H), 7.47-7.52 (m, 3H, Ar-H) ppm 
13C NMR (100 MHz, CDCl3): δ = 28.1, 84.4, 106.9, 107.9, 120.2, 123.9, 129.4, 129.7, 133.8, 
134.1, 148.5 ppm 
IR (KBr): n = 2980, 2934, 1752, 1533, 1369, 1132 cm–1 
MS (70 eV, EI): m/z (%) = 297, 295 (20) [M]+, 197, 195, 116. 
 
7.9.5.2  7-[(S)-N-S-methyl-S-phenylsulfoximinyl]-indole-1-carboxylic acid tert-butyl ester 
(32) 
NS
O
Me
Ph
N
Boc
 
 
The product was prepared according to method 2C using 7-bromo-indole-1-carboxylic acid 
tert-butyl ester (86) (0.88 g, 1.0 g, 2.98 mmol), (S)-S-methyl-S-phenylsulfoximine (6a) (556 
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mg, 3.58 mmol) and CsOAc (1.43 mg, 7.45 mmol). After purification by flash chromatography 
(silica gel, pentane/EtOAc 4:1), the target compound was obtained as a brown oil (545 mg, 
1.48 mmol). 
Yield = 50% 
 
[a]D20 = –55.1 (c = 1.0 in CHCl3) 
1H NMR (400 MHz, CDCl3): δ = 1.64 (s, 9H, 3XCH3), 3.26 (s, 3H, CH3), 6.45 (d, J=3.6 Hz, 
1H, Ar-H), 6.94-7.12 (m, 3H, Ar-H), 7.40-7.55 (m, 4H, Ar-H), 8.20-8.25 (m, 2H, Ar-H) ppm 
13C NMR (100 MHz, CDCl3): δ = 28.2, 44.8, 82.5, 106.7, 114.5, 118.7, 123.7, 128.2, 128.9, 
129.1, 130.2, 133.0,133.1, 133.3, 139.5, 148.9 ppm 
IR (KBr): n = 3060, 1746, 1538, 1478, 796 cm–1 
MS (70 eV, EI): m/z (%) = 370 (74) [M]+, 270, 207, 130. 
 
7.9.5.3  7-[(S)-N-S-methyl-S-phenylsulfoximinyl)-indole (87) 
 
NS
O
Me
Ph
N
H
 
 
At room temperature, 7-[(S)-N-S-methyl-S-phenylsulfoximinyl)-indole-1-carboxylic acid tert-
butyl ester (32) (545 mg, 1.48 mmol) was dissolved in CH2Cl2 (16.5 mL) and treated with 
trifluoroacetic acid (5.5 mL). After stirring for 1 h, the solvent was evaporated under vacuum. 
The product was then purified by flash chromatography (alumina, CH2Cl2) to afford 87 as a 
brown oil (270 mg, 1.00 mmol). 
Yield = 68% 
 
[a]D20 = +93.6 (c = 0.4 in CHCl3) 
1H NMR (400 MHz, CDCl3): δ = 3.28 (s, 3H, CH3), 6.45-6.48 (m, 1H, Ar-H), 6.78-6.82 (m, 
1H, Ar-H), 6.89 (t, J=7.7 Hz, 1H, Ar-H), 7.15-7.26 (m, 2H, Ar-H), 7.44-7.58 (m, 3H, Ar-H), 
7.97-8.03 (m, 2H, Ar-H) ppm 
13C NMR (100 MHz, CDCl3): δ = 45.7, 102.6, 114.9, 115.8, 120.2, 123.7, 128.5, 128.8, 129.2, 
129.6, 131.7, 133.4, 139.2 ppm 
IR (KBr): n = 3383, 3059, 3013, 2958, 1513, 1217, 1105, 739 cm–1 
Experimental section 
 
162 
MS (70 eV, EI): m/z (%) = 470 (100) [M]+, 207, 130. 
 
7.9.5.4  (1-diphenyl-phosphano-7-[(S)-N-S-methyl-S-phenylsulfoximinyl])-indole (88) 
 
NS
O
Me
Ph
N
PPh2
 
 
A solution of 7-[(S)-N-S-methyl-S-phenylsulfoximinyl)-indole (87) (140 mg, 0.519 mmol) in 
THF (3 mL) was cooled to –78 °C. To the reaction mixture, n-BuLi 1.6 M (326 μL, 0.519 
mmol) was added dropwise. After 1 h, Ph2PCl (93 μL, 0.519 mmol) was added and the reaction 
mixture was stirred overnight at room temperature. The reaction mixture was quenched with 
water, the aqueous layer was extracted with CH2Cl2, and the combined organic layers were 
dried over magnesium sulfate. The solvent was removed under reduced pressure, and the 
product was purified by flash chromatography (silica gel, CH2Cl2) to afford 88 as a white solid 
(84 mg, 0.19 mmol). 
Yield = 36% 
 
[a]D20 = –137.3 (c = 0.9 in CHCl3) 
1H NMR (400 MHz, CDCl3): δ = 3.07 (s, 3H, CH3), 6.43-6.46 (m, 1H, Ar-H), 6.50-6.53 (m, 
1H, Ar-H), 6.67-6.71 (m, 1H, Ar-H), 6.80 (t, J=7.7 Hz, 1H, Ar-H), 7.10-7.15 (m, 1H, Ar-H), 
7.24-7.51 (m, 13H, Ar-H), 7.65-7.70 (m, 2H, Ar-H) ppm 
13C NMR (100 MHz, CDCl3): δ = 45.1, 105.3, 114.0, 121.3, 128.49, 128.51, 128.6 (d, JCP=3.7 
Hz), 128.7, 129.2, 129.4 (d, JCP=3.1 Hz), 130.3 (d, JCP=8.2 Hz), 131.9, 132.0, 132.1, 132.2, 
132.5, 132.8, 13.4.5, 134.6, 138.8 (d, JCP=19.3 Hz), 138.9, 139.0 (d, JCP=20.6 Hz) ppm 
31P NMR (162 MHz, CDCl3): 46.19 ppm 
MS (70 eV, EI): m/z (%) = 454 (62) [M]+, 314, 237, 182 
IR (KBr): n = 3463, 2918, 1571, 1470, 1303, 787 cm–1. 
HRMS (EI): m/z : calcd for C27H23PSN2O: 454.1269; found 454.1269 [M]+. 
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7.9.6 Paracyclophane-bridged Sulfoximines 
 
7.9.6.1  4-bromo-12-[(S)-N-S-methyl-S-phenylsulfoximinyl]-[2.2]paracyclophane (96) 
 
Br
N S
O
Me
Ph
 
 
Under an argon atmosphere a Schlenk-flask was charged with the rac-4,12-
dibromo[2.2]paracyclophane (95)68 (91 mg, 0.25 mmol), (S)-S-methyl-S-phenylsulfoximine 
(6a) (194 mg, 1.25 mmol), Pd2(dba)3 (9.2 mg, 0.01 mmol) NaOt-Bu (96 mg, 1 mmol) and rac-
BINAP (12.5 mg, 0.02 mmol). Subsequently, dry toluene (3 mL) was added and the mixture 
was heated to 110 °C for 48 h. The crude product was then filtered through a plug of celite and 
washed with EtOAc. The solvent was evaporated under vacuum and the crude product was 
purified by flash chromatography (silica gel, petroleum ether/CH2Cl2 1:1; CH2Cl2) 
 to afford 96 (32 mg, 0.07 mmol). 
Yield = 29% 
 
1H NMR (400 MHz, CDCl3): δ = 2.50-3.54 (m, 14H), 3.11 (s, 3H, CH3), 3.22 (s, 3H, CH3), 
3.56-3.75 (m, 2H), 6.14-6.20 (m, 1H), 6.24-6.30 (m, 1H), 6.38-6.54 (m, 7H), 6.72-6.74 (m, 
1H), 7.15 (s, 1H), 7.28 (s, 1H), 7.40-7.70 (m, 6H), 7.88-7.94 (m, 2H), 8.12-8.20 (m, 2H) ppm 
13C NMR (100 MHz, CDCl3): δ = 44.2, 117.9, 121.4, 123.4, 123.9, 124.2, 125.9, 126.9, 127.4, 
127.7, 127.9, 128.1, 129.3, 130.4, 130.6, 130.8, 131.0, 131.1, 132.7, 132.8, 133.8, 135.6, 135.7, 
136.8, 136.9, 137.9, 138.4, 139.5, 142.3 ppm 
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7.10 Application in catalysis  
 
7.10.1 Mukaiyama-Aldol reaction 
 
7.10.1.1  (-)-(R)-Methyl 2-hydroxy-2-methyl-4-oxo-4-phenyl butanoate (114a)83 
 
O
MeO
O
MeHO  
 
Under argon atmosphere a Schlenk-flask was charged with Cu(OTf)2 (18 mg, 0.05 mmol) and 
the aminosulfoximine (S)-47i (23.1 mg, 0.05 mmol). Then, dry THF (2 mL) was added and the 
resulting deep green solution was stirred for 30 min at room temperature. Subsequently, the 
temperature was adjusted at –30 °C and methyl pyruvate (112a) (46 μL, 0.50 mmol), 1-phenyl-
1-trimethylsilyloxyethene (113a) (123 μL, 0.60 mmol) and 2,2,2-trifluoroethanol (0.60 mmol, 
44 μL) were added. After stirring for 15 h at –30 °C, the reaction mixture was warmed to room 
temperature and filtered through a plug of silica gel with Et2O (50 mL). The solvent was 
evaporated under vacuum and the product was purified by flash chromatography (silica gel, 
pentane/EtOAc 10:1 to 4:1) to afford 114a as a colorless oil (99 mg, 0.45 mmol).  
Yield = 89% 
 
[a]D20 = – 86.7 (c=1.0 in CHCl3) 
1H NMR (400 MHz, CDCl3): δ =1.52 (s, 3H, CH3), 3.36 (d, J=17.6 Hz, 1H, CH2), 3.67 (d, 
J=17.9 Hz, 1H, CH2), 3.78 (s, 3H, CH3), 3.99 (br s, 1H, OH), 7.45-7.49 (m, 2H, Ar-H), 7.57-
7.61 (m, 1H, Ar-H), 7.93-7.96 (m, 2H, Ar-H) ppm 
13C NMR (100 MHz, CDCl3): δ = 26.4, 47.9, 52.7, 72.6, 128.0, 128.5, 133.5, 136.1, 176.2, 
198.6 ppm 
MS (70 eV, CI, CH4): m/z (%) = 223 (49) [M+H]+, 163, 105 
IR (capillary): n =3512, 2985, 2953, 1742, 1683, 1597, 1450, 1365, 1218, 1115, 1008, 986, 
759, 692 cm–1 
EA calcd (%) for C12H14O4 (222.24): C 64.85, H 6.35; found: C 65.20, H 6.62 
HPLC : Chiralcel OD, flow rate 0.5 mL/min, heptane/i-PrOH : 95/5, λ = 254 nm, 25 °C); tR = 
25.3 min [major], tR = 31.5 min [minor]; 98% ee. 
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7.10.2 Vinylogous Mukaiyama-Aldol reaction 
 
7.10.2.1  (S)-3-(2,2-Dimethyl-6-oxo-6H-[1,3]dioxin-4-yl)-2-hydroxy-2-methyl-propionic 
acid methyl ester (123a)111 
 
OO
O
MeO
O
OHMe
 
 
A Schlenk-flask under an argon atmosphere was charged with Cu(OTf)2 (18.1 mg, 0.05 mmol) 
and the aminosulfoximine (S)-47h (23.1 mg, 0.05 mmol). Then, dry Et2O (2 mL) was added 
and the resulting deep green solution was stirred for 30 min at –50 °C. Subsequently, methyl 
pyruvate (112a) (46 μL, 0.5 mmol), (2,2-dimethyl-6-methylene-6H-[1,3]dioxin-4-yloxy) 
trimethyl silane (122a)155 (118 mg, 0.55 mmol), and 2,2,2-trifluoroethanol (0.60 mmol, 44 μL) 
were added. After stirring at –50 °C for 12 h, trifluoroacetic acid (0.1 mL) was added and the 
solution was stirred for half an hour after which desilylation was complete. The reaction 
mixture was then diluted with Et2O and a satured aqueous solution of NaHCO3 was added 
slowly. The aqueous layer was extracted with Et2O, the combined organic layers were dried 
over magnesium sulfate. The solvent was removed under vaccum, and the product was purified 
by flash chromatography (silica gel, pentane/EtOAc 6:4). The target compound was obtained as 
colorless oil (118 mg, 0.48 mmol). 
Yield = 96 % 
 
1H NMR (400 MHz, CDCl3): δ = 1.48 (s, 3H, CH3), 1.65 (s, 6H, 2XCH3), 2.58 (d, J=14.6 Hz, 
1H), 2.85 (d, J=14.6 Hz, 1H), 3.81 (s, 3H, CH3), 5.31 (s, 1H, CH3) ppm 
13C NMR (100 MHz, CDCl3): δ = 23.9, 25.8, 27.0, 43.5, 52.9, 72.8, 96.1, 106.6, 160.6, 166.8, 
175.9 ppm 
HPLC : Chiralcel AD, flow rate 1.0 mL/min, heptane/i-PrOH : 90/10, λ = 254 nm, 20 °C;  
tR = 12.0 min [minor], tR = 15.6 min [major]; 76% ee. 
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7.10.2.2  (R)-E-5-Hydroxy-5-methyl-hex-2-enedioic acid 1-tert-butyl ester 6-methyl ester 
(131a) 
 
MeO
O
O
OHO Me  
 
The product was prepared according to method 6 using methyl pyruvate (112a) (46 μL, 0.5 
mmol) and silyl vinyl ketene acetal 130153 (141 mg, 0.55 mmol). The target compound was 
purified by flash chromatography (silica gel, pentane/EtOAc 4:1) to yield 131a as a colorless 
oil (104 mg, 0.43 mmol). 
Yield = 85% 
 
[a]D20 = +2.3 (c = 1.2 in CHCl3) 
1H NMR (400 MHz, CDCl3): δ = 1.47 (s, 3H, CH3), 1.48 (s, 9H, t-Bu), 2.53-2.60 (m, 2H, 
CH2), 3.27 (s, 1H, OH), 3.80 (s, 3H, CH3), 5.80 (d, J=15.7 Hz, 1H, CH), 6.73-6.81 (m, 1H, 
CH) ppm 
13C NMR (100 MHz, CDCl3): δ = 25.9, 28.2, 42.6, 53.1, 74.2, 80.4, 126.8, 140.9, 165.2, 176.4 
ppm 
MS (70 eV, EI): m/z (%) = 245 (1) [M+H]+, 188, 171, 129, 111, 86, 57 
IR (film): n = 3504, 2935, 1713, 1123, 758 cm–1 
HRMS (EI): m/z : calcd for C12H20O5–C4H8 = C8H12O5: 188.0685; found 188.0685 [M-C4H8]. 
HPLC : Chiralcel AD, flow rate 0.4 mL/min, heptane/i-PrOH : 98/2, λ = 230 nm, 25 °C;          
tR = 53.1 min [major], tR = 57.6 min [minor]; 92% ee (96% ee when the reaction is performed 
at –78 °C). 
 
7.10.2.3  Determination of the absolute configuration of (131a)156 
 
MeO
O
O
OHO Me
MeO
O
AcO Me
OMe
O
1. Ac2O, pyridine, r.t., 2 d
2. RuCl3, NaIO4, rt, overnight
3. (COCl)2, DCM, r.t., 2 h
    then MeOH, THF, r.t., 3 h
 
                                               
156 Palmisano, G.; Dosi, I.; Monti, D.; Pellegata, R. J. Chem. Soc., Perkin Trans. 1 1990, 1875. 
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To a solution of compound 131a (200 mg, 0.82 mmol, 83% ee) in acetic acid (1.3 mL), 
pyridine (1.3 mL) was added dropwise. After 2 days, the solvent was evaporated under vacuum 
and the acetylated compound was separated from the starting material by flash chromatography 
(pentane/EtOAc 4:1). Then the product (168 mg, 0.58 mmol, 72% yield) was dissolved in a 
mixture of CCl4 (6 mL), CH3CN (6 mL), and distilled water (9 mL). To this mixture, a catalytic 
amount of RuCl3•H2O (5 mg) and NaIO4 (618 mg, 2.9 mmol) were added. After stirring 
overnight at room temperature, the mixture was diluted in CH2Cl2 (10 mL). The aqueous layer 
was acidified with an aqueous solution of HCl (6M), and the layers were separated. 
Evaporation of the aqueous phase gave the crude acid, which was subsequently dissolved in 
CH2Cl2 (9 mL) and treated with oxalyl chloride (0.3 mL) and a catalytic amount of DMF. After 
stirring for 2 h at room temperature, the solvent was removed under vacuum, the residue was 
taken up in THF (4.5 mL) and added to dry MeOH (4.5 mL) upon stirring. After a reaction 
period of 3 h, the solvent was removed under reduced pressure. (R)-Dimethyl 2-
acetocitramalate was obtained as colorless oil after purification by flash chromatography (silica 
gel, pentane/EtOAc: 5/1) in 30% yield over the two last steps (38 mg, 0.17 mmol).  
The absolute configuration of the obtained material was determined to be (R) by comparison of 
its optical rotation ([a]D20 = +28.2, c = 1.1, CHCl3) with that reported one ([a]D20 = +33.4,        
c = 1.0, CHCl3) for the (R)-enantiomer.156 
 
1H NMR (400 MHz, CDCl3): δ = 1.65 (s, 3H), 2.07 (s, 3H), 2.87 (d, J=14.4 Hz, 1H), 3.15(d, 
J=14.4 Hz, 1H), 3.73 (s, 3H), 3.74 (s, 3H) ppm 
13C NMR (100 MHz, CDCl3): δ = 21.0, 22.6, 40.7, 51.9, 52.7, 77.7, 169.5, 169.9, 171.6 ppm. 
 
7.10.2.4  E-5-Hydroxy-5-methyl-hex-2-enedioic acid 6-benzyl ester 1-tert-butyl ester (131b) 
 
BnO
O
O
OHO Me  
 
The product was prepared according to method 6 using benzyl pyruvate (112b)151 (81 μL, 0.5 
mmol) and silyl vinyl ketene acetal 130153 (141 mg, 0.55 mmol). The target compound was 
purified by flash chromatography (silica gel, pentane/EtOAc 9:1) to yield 131b as a colorless 
oil (133 mg, 0.42 mmol). 
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Yield = 83% 
 
[a]D20 = +27.1 (c = 1.0, CHCl3) 
1H NMR (400 MHz, CDCl3): δ = 1.45 (s, 3H, CH3), 1.47 (s, 9H, t-Bu), 2.49-2.63 (m, 2H, 
CH2), 2.64 (br s, 1H, OH), 5.20 (s, 2H, CH2), 5.75 (d, J=15.7 Hz, 1H, CH), 6.73-6.81 (m, 1H, 
CH), 7.32-7.40 (m, 5H, Ar-H) ppm 
13C NMR (100 MHz, CDCl3): δ = 25.8, 28.1, 42.4, 67.7, 74.0, 80.20, 126.8, 128.2, 128.5, 
134.8, 140.6, 165.0, 175.7 ppm 
MS (70 eV, EI): m/z (%) = 264 (4) [M–C4H8]+, 129, 111, 91, 86, 57 
IR (capillary): n= 3767, 2934, 1715, 1159, 987 cm–1 
EA (%) calcd for C18H24O5 (320.38): C 67.48, H 7.55; found: C 67.44, H 7.53. 
HPLC : Chiralcel AD, flow rate 0.4 mL/min, heptane/i-PrOH : 98/2, λ = 230 nm, 25 °C; 
tR = 53.6 min [major], tR = 62.1 min [minor]; 91% ee (97% ee when the reaction is performed 
at –78 °C). 
 
7.10.2.5  E-5-Hydroxy-5-methyl-hex-2-enedioic acid 1-tert-butyl ester 6-isopropyl ester 
(131c) 
 
O
O
O
OHO Me  
 
The product was prepared according to method 6 using isopropyl pyruvate (112c)152 (53 μL, 
0.5 mmol) and silyl vinyl ketene acetal 130153 (141 mg, 0.55 mmol). The target compound was 
purified by flash chromatography (silica gel, pentane/EtOAc 9:1) to yield 131c as a colorless 
oil (79 mg, 0.29 mmol). 
Yield = 58% 
 
[a]D20 = +3.0 (c = 1.2, CHCl3) 
1H NMR (400 MHz, CDCl3): δ = 1.27 (d, J=2.2 Hz, 3H, CH3), 1.28 (d, J=2.2 Hz, 3H, CH3), 
1.42 (s, 3H, CH3), 1.47 (s, 9H, t-Bu), 2.48-2.61 (m, 2H, CH2), 5.05-5.11 (m, 2H, CH2), 5.80 (d, 
J=15.4 Hz, 1H, CH), 6.73-6.81 (m, 1H, CH) ppm 
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13C NMR (100 MHz, CDCl3): δ = 21.7, 25.8, 42.5, 69.9, 73.7, 80.2, 126.6, 140.8, 165.1, 175.3 
ppm 
MS (70 eV, EI): m/z (%) = 216 (21) [M–C4H8]+, 185, 157, 129, 111, 86, 57 
IR (capillary): n = 3498, 2980, 1717, 1262, 1161 cm–1 
HRMS (EI): m/z (%) = calcd for C14H24O5–C4H8 = C10H10O5: 216.0998; found 216.0998 [M–
C4H8]. 
HPLC : Chiralcel AD, flow rate 0.4 mL/min, heptane/i-PrOH : 98/2, λ = 230 nm, 25 °C;  
tR = 32.8 min [major], tR = 39.7 min [minor]; 91% ee (99% ee when the reaction is performed 
at –78 °C). 
 
7.10.2.6  E-5-Hydroxy-5-methyl-hex-2-enedioic acid 1-tert-butyl ester 6-ethyl ester (131d) 
 
EtO
O
O
OHO Me  
 
The product was prepared according to method 6 using ethyl pyruvate (112d) (55 μL, 0.5 
mmol) and silyl vinyl ketene acetal 130153 (141 mg, 0.55 mmol). The target compound was 
purified by flash chromatography (silica gel, pentane/EtOAc 9:1) to yield 131d as a colorless 
oil (104 mg, 0.40 mmol). 
Yield = 81% 
 
[a]D20 = +3.3 (c = 1.2, CHCl3) 
1H NMR (400 MHz, CDCl3): δ = 1.30 (t, J=7.1 Hz, 3H, CH3), 1.44 (s, 3H, CH3), 1.47 (s, 9H,   
t-Bu), 2.49-2.63 (m, 2H, CH2), 2.92 (br s, 1H, OH), 4.21-4.30 (m, 2H, CH2), 5.80 (d, J=15.4 
Hz, 1H, CH), 6.73-6.81 (m, 1H, CH) ppm 
13C NMR (100 MHz, CDCl3): δ = 14.2, 25.8, 28.1, 42.5, 62.1, 73.8, 80.2, 126.6, 140.8, 165.1, 
175.8 ppm 
MS (70 eV, EI): m/z (%) = 259 (1) [M+H]+, 129, 111, 86, 57 
IR (capillary): n= 3511, 2935, 1717, 1296, 1161 cm–1 
EA calcd (%) for C13H22O5 (258.31): C 60.45, H 8.58; found: C 60.41, H 8.27. 
HPLC : Chiralcel AD, flow rate 0.4 mL/min, heptane/i-PrOH : 98/2, λ = 230 nm, 25 °C;  
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tR = 41.3 min [major], tR = 51.0 min [minor]; 91% ee (97% ee when the reaction is performed 
at –78 °C). 
7.10.2.7  (S)-E-5-Hydroxy-5-phenethyl-hex-2-enedioic acid 1-tert-butyl ester 6-ethyl ester 
(131e) 
 
EtO
O
O
OHO
 
 
The product was prepared according to method 6 using ethyl 2-oxo-4-phenylbutyrate (112e) 
(95 μL, 0.5 mmol) and silyl vinyl ketene acetal 130153 (141 mg, 0.55 mmol). The target 
compound was purified by flash chromatography (silica gel, pentane/EtOAc 9:1) to yield 131e 
as a pale yellow oil (120 mg, 0.34 mmol). 
Yield = 68% 
 
[a]D20 = +22.1 (c = 1.7, CHCl3) 
1H NMR (400 MHz, CDCl3): δ = 1.29 (t, J=7.1 Hz, 3H, CH3 ), 1.47 (s, 9H, t-Bu), 1.95-2.13 
(m, 2H, CH), 2.38-2.47 (m, 1H, CH), 2.52-2.63 (m, 2H, CH), 2.67-2.85 (m, 1H, CH), 3.42 (s, 
1H, OH), 4.13-4.28 (m, 2H, CH), 5.79 (dt, J = 15.7 Hz, J=1.4 Hz, 1H, CH), 6.73-6.82 (m, 1H, 
CH), 7.14-7.20 (m, 3H, Ar-H), 7.24-7.30 (m, 2H, Ar-H) ppm 
13C NMR (100 MHz, CDCl3): δ = 14.3, 28.1, 29.8, 40.6, 42.1, 62.2, 80.2, 125.8, 126.7, 128.2, 
140.6, 141.0, 165.0, 175.2 ppm 
MS (70 eV, EI): m/z (%) = 292 (36) [M–C4H8]+, 188, 133, 91, 57 
IR (film): n = 3516, 2978, 1655, 1117, 757 cm–1 
EA calcd. (%) for C20H28O5 (348.43): C 68.94, H 8.10; found: C 68.68, H 7.82. 
HPLC : Chiralcel AD, flow rate 0.4 mL/min, heptane/i-PrOH: 98/2, λ = 230 nm, 20 °C;  
tR = 47.2 min [major], tR = 54.8 min [minor]; 92% ee (93% ee when the reaction is performed 
at –78 °C). 
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7.10.2.8  (S)-E-5-Hydroxy-5-(4-nitro-phenyl)-hex-2-enedioic acid 1-tert-butyl ester 6-ethyl 
ester (131f) 
 
EtO
O
O
OHO
NO2  
 
The product was prepared according to method 6 using ethyl-4-nitrophenylglyoxylate (112f) 
(112 mg, 0.5 mmol) and silyl vinyl ketene acetal 130153 (141 mg, 0.55 mmol). The target 
compound was ) purified by flash chromatography (silica gel, pentane/EtOAc 9:1) to yield 131f 
as a pale yellow oil (114 mg, 0.31 mmol). 
Yield = 62% 
 
[a]D20 = +4.6 (c = 1.0, CHCl3) 
1H NMR (400 MHz, CDCl3): δ = 1.30 (t, J=7.1 Hz, 3H, CH3 ), 1.46 (s, 9H, t-Bu), 2.84-2.91 
(m, 1H, CH), 3.03-3.10 (m, 1H, CH), 4.09 (s, 1H, OH), 4.22-4.38 (m, 2H, CH), 5.86 (dt, 
J=15.3 Hz, J = 1.4 Hz, 1H, CH), 6.72 (dt, J=15.7 Hz, J = 7.4 Hz, 1H, CH), 7.80-7.85 (m, 3H, 
Ar-H), 8.20-8.24 (m, 2H, Ar-H) ppm 
13C NMR (100 MHz, CDCl3): δ = 14.2, 28.2, 42.6, 63.5, 80.6, 123.5, 126.7, 127.6, 139.7, 
147.6, 147.8, 165.0, 172.9 ppm 
MS (70 eV, EI): m/z (%) = 309 (7) [M-C4H8]+, 150, 86, 57 
IR (film): n = 3495, 2935, 1712, 1524, 1349, 758 cm–1 
EA calcd. (%) for C18H23NO7 (365.38): C 59.17, H 6.34; N 3.83 found: C 58.85, H 6.24, N 
4.21. 
HPLC : Chiralcel AD, flow rate 0.8 mL/min, heptane/i-PrOH : 95/5, λ = 230 nm, 20 °C;  
tR = 36.4 min [major], tR = 46.1 min [minor]; 68% ee (77% ee when the reaction is performed 
at –78 °C). 
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7.10.2.9  (S)-E-5-Hydroxy-5-isopropyl-hex-2-enedioic acid 1-tert-butyl ester 6-ethyl ester 
(131h) 
 
EtO
O
O
OHO
 
 
The product was prepared according to method 6 using ethyl 3-methyl-2-oxobutyrate (112h) 
(73 μL, 0.5 mmol) and silyl vinyl ketene acetal 130153 (141 mg, 0.55 mmol). The target 
compound was purified by flash chromatography (silica gel, pentane/EtOAc 9:1) to yield 131h 
as a pale yellow oil (54 mg, 0.19 mmol). 
Yield = 38% 
 
[a]D20 = +4.9 (c = 1.9, CHCl3)  
1H NMR (400 MHz, CDCl3): δ = 0.86 (d, J=6.9 Hz, 3H, CH3), 0.98 (d, J=6.9 Hz, 3H, CH3), 
1.30 (t, J=7.1 Hz, 3H, CH3 ), 1.46 (s, 9H, t-Bu), 1.92-2.05 (sept., J=6.8 Hz, 1H, CH), 2.46-2.66 
(m, 2H, CH), 3.22 (s, 1H, OH), 4.19-4.31 (m, 2H, CH), 5.78 (dt, J=15.6 Hz, J=1.4 Hz, 1H, 
CH), 6.70-6.82 (m, 1H, CH) ppm 
13C NMR (100 MHz, CDCl3): δ = 14.2, 15.9, 17.3, 28.1, 35.2, 39.5, 62.1, 79.3, 80.2, 126.5, 
141.7, 165.4, 175.7 ppm 
MS (70 eV, EI): m/z (%) = 230 (32) [M–C4H8]+, 145, 86, 71, 57 
IR (film): n = 3524, 2977, 1716, 1159, 759 cm–1 
EA calcd. (%) for C15H26O5 (286.36): C 62.91, H 9.15; found: C 62.69, H 9.20. 
HPLC : Chiralcel OD, flow rate 0.08 mL/min, heptane/i-PrOH: 98/2, λ = 230 nm, 20 °C;  
tR = 82.5 min [major], tR = 108.5 min [minor]; 76% ee (80% ee when the reaction is performed 
at –78 °C). 
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7.10.2.10  E-5-Hydroxy-5-phenyl-hex-2-enedioic acid 1-tert-butyl ester 6-methyl ester 
(131i) 
 
MeO
O
O
OHO Ph  
 
The product was prepared according to method 6 using methyl benzoylformate (112i) (71 μL, 
0.5 mmol) and silyl vinyl ketene acetal 130153 (141 mg, 0.55 mmol). The target compound was 
purified by flash chromatography (silica gel, pentane/EtOAc 9:1) to yield 131i as a colorless oil 
(135 mg, 0.44 mmol). 
Yield = 88% 
 
[a]D20 = +8.9 (c = 1.2, CHCl3) 
1H NMR (400 MHz, CDCl3): δ = 1.45 (s, 9H, t-Bu), 2.84-2.89 (m, 1H, CH2), 3.03-3.09 (m, 
1H, CH2), 3.78 (s, 3H, CH3), 5.83 (d, J=15.7 Hz, 1H, CH), 6.73-6.80 (m, 1H, CH), 7.25-7.38 
(m, 3H, Ph), 7.55-7.58 (m, 2H, Ph) ppm 
13C NMR (100 MHz, CDCl3): δ = 28.2, 42.3, 53.5, 77.9, 80.4, 125.3, 126.9, 128.1, 128.4, 
141.0, 140.9, 165.3, 174.4 ppm 
MS (70 eV, EI): m/z (%) = 307 (1) [M+H]+, 165, 105, 86, 57 
IR (film): n = 3665, 2977, 1713, 1654, 1256, 1157, 919 cm–1 
EA calcd. (%) for C17H22O5 (306.36): C 66.65, H 7.24; found: C 66.58, H 7.17. 
HPLC : Chiralcel AD, flow rate 0.4 mL/min, heptane/i-PrOH : 98/2, λ = 230 nm, 20 °C;  
tR = 77.0 min [minor], tR = 90.5 min [major]; 89% ee (93% ee when the reaction is performed 
at –78 °C). 
 
7.10.2.11  E-5-Hydroxy-5-phenyl-hex-2-enedioic acid 1-tert-butyl ester 6-ethyl ester 
(131j) 
 
EtO
O
O
OHO Ph  
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The product was prepared according to method 6 using ethyl benzoylformate (112j) (80 μL, 0.5 
mmol) and silyl vinyl ketene acetal 130153 (141 mg, 0.55 mmol). The target compound was 
purified by flash chromatography (silica gel, pentane/EtOAc 9:1) to yield 131j as a pale yellow 
oil (80 mg, 0.25 mmol). 
Yield = 50% 
 
[a]D20 = +4.9 (c = 1.0, CHCl3) 
1H NMR (400 MHz, CDCl3): δ = 1.28 (t, J=7.1 Hz, 3H, CH3 ), 1.46 (s, 9H, t-Bu), 2.82-2.89 
(m, 1H, CH), 3.02-3.10 (m, 1H, CH), 3.83 (s, 1H, OH), 4.17-4.34 (m, 2H, CH), 5.85 (dt, 
J=14.3 Hz, J=1.4 Hz, 1H, CH), 6.74-6.83 (m, 1H, CH), 7.27-7.38 (m, 3H, Ar-H), 7.56-7.61 (m, 
2H, Ar-H) ppm 
13C NMR (100 MHz, CDCl3): δ = 14.2, 28.2, 42.4, 62.8, 80.3, 125.3, 126.9, 128.0, 128.4, 
141.0, 165.3, 173.9 ppm 
MS (70 eV, EI): m/z (%) = 264 (13) [M–C4H8]+, 179, 105, 86, 57 
IR (film): n = 3505, 2980, 1716, 1121, 701 cm–1 
EA calcd. (%) for C18H24O5 (320.38): C 67.48, H 7.55; found: C 67.09, H 7.47. 
HPLC : Chiralcel AD, flow rate 0.5 mL/min, heptane/i-PrOH : 98/2, λ = 230 nm, 20 °C;  
tR = 41.8 min [major], tR = 66.6 min [minor]; 90% ee (94% ee when the reaction is performed 
at –78 °C). 
 
7.10.2.12  E-5-Hydroxy-hex-2-enedioic acid 1-tert-butyl ester 6-ethyl ester (133) 
 
EtO
O
O
OHO H  
 
The product was prepared according to method 6 using fresh distilled ethyl glyoxylate (117) 
(0.5 mmol) and silyl vinyl ketene acetal 130153 (141 mg, 0.55 mmol). The target compound was 
purified by flash chromatography (silica gel, pentane/EtOAc 9:1) to yield 133 as a pale yellow 
oil (58 mg, 0.24 mmol). 
Yield = 48% 
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1H NMR (400 MHz, CDCl3): δ = 1.23 (t, J=7.1 Hz, 3H, CH3 ), 1.40 (s, 9H, t-Bu), 2.42-2.52 
(m, 1H, CH), 2.57-2.66 (m, 1H, CH), 2.81 (s, 1H, OH), 4.13-4.27 (m, 3H, CH), 5.78 (d, J=15.7 
Hz, 1H, CH), 6.73 (dt, J=15.4Hz, J=7.6 Hz, 1H, CH) ppm 
13C NMR (100 MHz, CDCl3): δ = 14.3, 28.2, 36.9, 62.1, 69.4, 80.4, 126.4, 141.1, 173.9 ppm 
IR (film): n = 3489, 2979, 1715, 1156 cm–1 
HPLC : Chiralcel AD, flow rate 0.35 mL/min, heptane/i-PrOH : 98/2, λ = 230 nm, 20 °C;  
tR = 65.5 min [major], tR = 75.5 min [minor]; 21% ee. 
 
7.10.2.13  E-5-Hydroxy-5-methyl-hex-2-enedioic acid 1-ethyl ester 6-methyl ester 
(135) 
 
MeO
O
OEt
OHO Me  
 
The product was prepared according to method 6 using methyl pyruvate (112a) (46 μL, 0.5 
mmol) and silyl vinyl ketene acetal 134153 (100 mg, 0.55 mmol). The target compound was 
purified by flash chromatography (silica gel, pentane/EtOAc 9:1) to yield 135 as a colorless oil 
(73 mg, 0.34 mmol). 
Yield = 68% 
 
[a]D20 = +1.7 (c = 1.5, CHCl3) 
1H NMR (400 MHz, CDCl3): δ = 1.28 (t, J=7.1 Hz, 3H, CH3), 1.45 (s, 3H, CH3), 2.53-2.66 (m, 
2H, CH2), 3.80 (s, 3H, CH3), 4.16-4.21 (m, 2H, CH2), 5.88 (d, J=15.7 Hz, 1H, CH), 6.85-6.92 
(m, 1H, CH) ppm 
13C NMR (100 MHz, CDCl3) δ = 14.2, 25.9, 42.5, 53.0, 60.3, 74.0, 124.9, 142.1, 165.7, 176.2 
ppm 
MS (70 eV, EI): m/z (%) = 217 (3) [M+H]+, 171, 157, 114, 111, 86, 68 
IR (film): n = 2927, 1724, 1215, 759 cm–1 
EA calcd. (%)  for C10H16O5 (216.23): C 55.55, H 7.46; found: C 55.48, H 7.30. 
HPLC : Chiralcel OJ, flow rate 0.4 mL/min, heptane/i-PrOH : 98/2, λ = 230 nm, 25 °C;  
tR = 59.1 min [major], tR = 64.9 min [minor]; 97% ee (99% ee when the reaction is performed 
at –78 °C). 
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7.10.2.14   (R)-E-5-Hydroxy-5-methyl-6-oxo-hept-2-enoic acid ethyl ester (139) 
 
Me
O
OHO Me
OEt
 
 
The product was prepared according to method 6 using 2,3-butanedione (138) (43 μL, 0.5 
mmol) and silyl vinyl ketene acetal 134154 (100 mg, 0.55 mmol). The target compound was 
after purified by flash chromatography (silica gel, pentane/EtOAc 9:1) to yield 139 as a pale 
yellow oil (57 mg, 0.29 mmol). 
Yield = 57% 
 
[a]D20 = –13.9 (c = 1.1, CHCl3) 
1H NMR (400 MHz, CDCl3): δ = 1.28 (t, J=7.3 Hz, 3H, CH3), 1.41 (s, 3H, CH3), 2.24 (s, 3H, 
CH3), 2.58-2.61 (m, 2H, CH2), 3.90 (s, 1H, OH), 4.18 (q, J=7.1 Hz, 1H, CH), 5.89 (d, J=15.7 
Hz,1H, CH), 6.79-6.90 (m, 1H, CH) ppm 
13C NMR (100 MHz, CDCl3): δ = 14.1, 23.7, 24.9, 41.7, 60.3, 124.9, 141.9, 210.8 ppm 
MS (70 eV, CI): m/z (%) = 201 (23) [M+H]+, 183, 155, 137, 109 
IR (film): n = 3473, 2938, 1715, 1655, 1271, 1182 cm–1 
EA calcd. (%) for C10H16O4 (200.23): C 59.88, H 8.05; found: C 59.79, H 8.32. 
HPLC : Chiralcel OD-H, flow rate 0.8 mL/min, heptane/i-PrOH : 98/2, λ = 210 nm, 20 °C;  
tR = 29.1 min [major], tR = 33.9 min [minor]; 9% ee (76% ee when the reaction is performed at 
–78 °C). 
 
7.10.2.15   (4-Methoxy-phenylimino)-acetic acid ethyl ester (140) 
 
H
N
EtO
O
OMe
 
The product was prepared with slight modification according to know procedures.157 
                                               
157 a) M. S. Manhas, M. Ghosh, A. K. Bose, J. Org. Chem. 1990, 55, 575. b) R. A. Firestone, P. L. Barker, J. M. 
Pisano, B. M. Ashe, M. E. Dahlgren, Tetrahedron 1990, 46, 2255. c) J. M. Janey, Y. Hsiao, J. D. Armstrong, III, 
J. Org. Chem. 2006, 71, 390. 
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Under an argon atmosphere, a solution of ethyl glyoxylate (117) (50% in toluene, 2.40 mL, 
10.0 mmol), sublimated p-anisidine (1.23 g, 10.0 mmol), anhydrous sodium sulfate (1.00 g), 
and molecular sieves (4 Å, 8–12 mesh) in toluene (18 mL), was stirred at room temperature 
overnight. The reaction mixture was then filtered through a plug of celite and the solvent was 
removed under reduced pressure. The crude was purified by flash chromatography (silica gel, 
CH2Cl2) and the desired product was obtained as on orange oil (1.90 g, 9.6 mmol). 
Yield = 96% 
 
1H NMR (400 MHz, CDCl3): δ = 1.40 (t, J=7.1 Hz, 3H, CH3), 3.83 (s, 3H, CH3), 4.41 (q, 
J=7.1 Hz, 2H, CH2), 6.91-6.95 (m, 2H, 2XAr-H), 7.34-7.39 (m, 2H, 2XAr-H), 7.94 (s, 1H) ppm 
13C NMR (100 MHz, CDCl3): δ = 14.2, 55.4, 61.8, 114.4, 114.6, 123.4, 141.1, 147.8, 160.3, 
163.4 ppm. 
 
7.10.2.16  5-(4-Methoxy-phenylamino)-hex-2-enedioic acid diethyl ester (141) 
 
EtO
O
OEt
OHN H
OMe  
 
The product was prepared according to method 6 using (4-methoxy-phenylimino)-acetic acid 
ethyl ester (140) (98.5 mg, 0.5 mmol) and silyl vinyl ketene acetal 134154 (100 mg, 0.55 mmol). 
The target compound was purified by flash chromatography (silica gel, pentane/EtOAc 9:1) to 
yield 141 as a pale yellow oil (118 mg, 0.37 mmol). 
Yield = 74% 
 
1H NMR (400 MHz, CDCl3): δ = 1.21-1.32 (m, 6H, 2XCH3), 2.63-2.76 (m, 2H, CH), 3.73 (s, 
3H, CH3), 4.10-4.25 (m, 4H, 2XCH2), 5.91 (dt, J=15.7 Hz, J=1.4 Hz, 1H, CH), 6.57-6.65 (m, 
2H, Ar-H), 6.74-6.80 (m, 2H, Ar-H), 6.87-6.97(m, 1H, CH) ppm 
13C NMR (100 MHz, CDCl3): δ = 14.2, 35.4, 55.6, 56.7, 60.3, 61.3, 114.7, 115.2, 124.4, 140.0, 
142.7, 152.7, 165.6, 172.7 ppm 
MS (70 eV, EI): m/z (%) = 321 (25) [M+H]+, 248, 208, 134 
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IR (film): n = 3371, 2982, 1724, 1656, 1241, 1182, 824 cm–1 
HPLC : Chiralcel OD, flow rate 1.0 mL/min, heptane/i-PrOH : 97/3, λ = 230 nm, 20 °C;  
tR = 25.2 min, tR = 29.2 min; racemic. 
 
7.10.3 Carbonyl-ene reaction 
7.10.3.1  (R)-3-Cyclopent-1-enyl-2-hydroxy-2-methyl-propionic acid methyl ester (147a)118 
 
MeO
O
MeHO  
 
In a Schlenk-flask under an argon atmosphere, CuCl2 (6.7 mg, 0.05 mmol) was dissolved in dry 
CH2Cl2 (2 mL) and then treated with AgClO4 (20.7 mg, 0.10 mmol). The mixture was stirred 
for 1 h at room temperature and the aminosulfoximine (S)-47d (19.6 mg, 0.05 mmol) was 
added. Stirring of the resulting blue suspension was continued for another 30 min followed by 
the addition of methyl pyruvate (112a) (46 μL, 0.5 mmol) and methylencyclopentane (146a) 
(263 μL, 2.5 mmol). After stirring for 48 h at room temperature, the mixture was diluted with 
CH2Cl2 and filtered through a plug of silica gel. The solvent was removed under reduced 
pressure, and the target compound was purified by flash chromatography (silica gel, 
pentane/EtOAc 15:1) to yield 147a as a colorless oil (58 mg, 0.31 mmol).  
Yield = 50% 
 
1H NMR (400 MHz, CDCl3): δ =1.43 (s, 3H, CH3), 1.83 (m, 2H, CH2), 2.18-2.34 (m, 4H, 
CH2), 2.48 (d, J=13.8 Hz, 1H, CH2), 2.61 (d, J=14.1 Hz, 1H, CH2), 3.08 (br s, 1H, OH), 3.77 
(s, 3H, CH3), 5.48 (s, 1H, CH) ppm 
13C NMR (100 MHz, CDCl3): δ = 23.7, 26.2, 32.5, 36.0, 42.0, 52.6, 74.5, 129.1, 139.2, 177.3 
ppm 
MS (70 eV, CI, CH4): m/z (%) = 185 (9) [M+H]+, 167, 135, 125, 111, 107, 103, 82, 67 
IR (film): n = 3523, 2948, 1736, 1449, 1370, 1260, 1210, 1104, 1037, 983, 825, 606 cm–1 
EA calcd (%) for C12H22O4S (184.23): C 65.19, H 8.75; found: C 64.93, H 9.11. 
HPLC : Chiralcel OB-H, flow rate 0.5 mL/min, heptane/i-PrOH : 98/2, λ = 210 nm, 20 °C;  
tR = 11.5 min [major], tR = 12.5 min [minor]; 91% ee. 
 
Experimental section 
 
179 
7.10.3.2   (R)-2-Hydroxy-2-methyl-4-phenyl-pent-4-enoic acid methyl ester (153a)118 
 
MeO
O
MeHO  
 
In a Schlenk-flask under an argon atmosphere, CuCl2 (33.6 mg, 0.25 mmol) was dissolved in 
dry CH2Cl2 (2 mL) and then treated with AgClO4 (103.6 mg, 0.50 mmol). The mixture was 
stirred for 1 h at room temperature and subsequently, the aminosulfoximine (S)-47d (98 mg, 
0.25 mmol) was added. Stirring of the resulting blue suspension was continued for another 30 
min followed by the addition of methyl pyruvate (112a) (46 μL, 0.5 mmol) and                        
α-methylstyrene (152a) (1.3 mL, 10 mmol). After stirring for 48 h at room temperature, the 
mixture was diluted with CH2Cl2 and filtered through a plug of silica gel. The solvent was 
removed under reduced pressure, and the target compound was purified by flash 
chromatography (silica gel, pentane/EtOAc 15:1) to yield 153a as a colorless oil (58 mg, 0.26 
mmol). 
Yield = 53% 
 
1H NMR (400 MHz, CDCl3): δ =1.46 (s, 3H, CH3), 2.80 (dd, J=13.7 Hz, J=0.9 Hz, 1H, CH2), 
3.03 (d, J=13.6 Hz, 1H, CH2), 3.28 (s, 3H, CH3), 5.17 (dd, J=1.7 Hz, J=0.7 Hz, 1H, CH2), 5.34 
(d, J=1.7 Hz, 1H, CH2), 7.21-7.38 (m, 5H, Ar-H) ppm 
13C NMR (100 MHz, CDCl3): δ = 25.9, 46.2, 52. 1, 74.1, 117.9, 126.8, 127.5, 128.1, 141.2, 
143.9, 176.2 ppm 
HPLC : Chiralcel OB-H, flow rate 0.5 mL/min, heptane/i-PrOH : 98/2, λ = 210 nm, 20 °C;  
tR = 14.6 min [major], tR = 16.6 min [minor]; 91% ee. 
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7.10.4 Diels-Alder reaction 
 
7.10.4.1  3-(Bicyclo[2.2.1]hept-5-ene-2-carbonyl)-oxazolidin-2-one (165)158  
 
NO O
O
 
 
A Schlenk-flask under argon atmosphere was charged with CuCl2 (3.4 mg, 0.025 mmol), 
AgClO4 (10.4 mg, 0.05 mmol), and the bissulfoximine (S,S)-33 (10.0 mg, 0.025 mmol). Then, 
dry CHCl3 (2 mL) was added and the resulting deep green solution was stirred at room 
temperature for 30 min. Subsequently, acryloyl-2-oxazolidinone (164) (35.4 mg, 0.25 mmol) 
was added and the reaction mixture was stirred for 30 min. After cooling down to –60 °C, 
freshly distilled cyclopentadiene (163) (206 μL, 2.5 mmol) was added and the reaction mixture 
was stirred for 48 h at –60 °C. The reaction was allowed to warm to room temperature and H2O 
were added (5 mL). The aqueous layer was extracted with CH2Cl2, the combined organic layers 
were dried over magnesium sulfate. The solvent was removed under vacuum, and the product 
was purified by flash chromatography (silica gel, petroleum ether/EtOAc 2:1) to afford 165 (45 
mg, 0.22 mmol). 
Yield = 87% 
ratio endo/exo = 89:11; 1H NMR, δ = 6.17 (1H, exo), 6.24 (1H, endo) 
Endo: 
1H NMR (400 MHz, CDCl3): δ = 1.38-1.52 (m, 3H), 1.90-2.00 (m, 1H), 2.94 (br s, 1H), 3.30 
(br s, 1H), 3.92-4.04 (m, 3H), 4.37-4.44 (m, 2H), 5.88 (dd, J=5.7 Hz, J = 2.7 Hz, 1H), 6.24 (dd, 
J=5.7 Hz, J=2.7 Hz, 1H) ppm 
13C NMR (100 MHz, CDCl3): δ = 29.5, 42.8, 42.9, 43.2, 43.2, 46.2, 50.2, 62.0, 131.6, 138.1, 
153.4, 174.7 ppm 
HPLC : Chiralcel OD, flow rate 0.5 mL/min, heptane/i-PrOH : 95/5, λ = 254 nm, 20 °C;  
tR = 42.7and 44.8 (exo); tR = 49.81 min [minor] and tR = 54.3 min [major] (endo); 74% ee. 
                                               
158 a) Narasaka, K.; Inoue, M.; Okada, N. Chem. Lett. 1986, 1109. b) Narasaka, K.; Iwasawa, N.; Inoue, M.; 
Yamada, T.; Nakashima, M.; Sugimori, J. J. Am. Chem. Soc. 1989, 111, 5340. c) Evans, D. A.; Miller, S. J.; 
Lectka, T. J. Am. Chem. Soc. 1993, 115, 6460. 
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8. Abbreviations 
 
Å Ångstrom 
Ac Acetyl 
Ar Aryl / Argon 
BINAP [2,2´-Bis-(diphenylphosphino)-1,1´-binaphthyl] 
Boc tert-Butoxy carbonyl 
BOX Bis(oxazoline) 
Bn Benzyl 
BSA N,O-Bis(trimethylsilyl)acetamide 
BuLi Butyllithium 
Cat. catalytic 
CHP cumyl hydroperoxide 
Cy Cyclohexyl 
d day 
dba Dibenzylidenacetone 
DBFOX dibenzofurandiyl-bis(oxazoline) 
DET Diethyl tartrate 
DMAP Dimethylaminopyridine 
DMEDA Dimethylethylene diamine 
DMPU 1,3-Dimethyl-3,4,5,6-tetrahydro-2(1H)pyrimidinone 
DMSO Dimethylsulfoxide 
DnpONH2 O-(2,4-dinitrophenyl)-hydroxylamine 
DppONH2 O-(diphenylphosphine)-hydroxylamine 
ee Enantiomeric excess 
GC Gaschromatography 
h hour 
HMDS 1,1,1,3,3,3-Hexamethyldisilazane 
HOSA hydroxylamine-O-sulfonic acid 
HPLC High Performance Liquid Chromatography 
HRMS High Resolution Mass Spectroscopy 
IR Infrared spectroscopy 
i-Pr Isopropyl 
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Isi Isityl 
mCPBA meta-chloroperbenzoic acid 
Mes Mesityl 
MS Mass spectrometry 
MSH O-mesitylenesulfonyl-hydroxylamine 
Nf Nonaflate 
NMR Nuclear Magnetic Resonance 
Ph Phenyl 
PMB para-Methoxybenzyl 
PYBOX bis(oxazoline)pyridine 
ppm parts per million 
rac racemic 
r.t. room temperature 
SES trimethylsilylethylsulfonyl 
TADDOL alpha,alpha,alpha',alpha'-tetraaryl-1,3-dioxolane-4,5-dimethanol 
TBHP tert-Butyl hydroperoxide 
t-Bu tert-Butyl 
4,4',4''-t-Butyltpy 4,4',4''-tri-tert-butyl-2,2':6'2''-terpyridine 
TBAT tetrabutylammonium triphenyldofluorosilicate 
TFA Trifluoroacetic acid 
TMEDA N,N,N´,N´-Tetramethylethylene diamine 
Tf Trifluormethylsulfonate 
TfOH Trifluormethane sulfonic acid 
TBDMS tert-Butyl-dimethylsilyl 
TMS Trimethylsilyl 
Ts para-Tolylsulfonyl 
XABOX 4,6-bis(2-oxazolinyl)xanthene 
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9. Appendix 
 
There is nothing better to conclude my dissertation that this word : "Appendix". Indeed, if my 
stay in Aachen was full of wonderful experiences and surprises, one of the last unexpected 
event that happened to me was this rush from the emergency in Paris to the Luisenhospital in 
Aachen! And because of their expertise and efficiency, I would like first to thank the "Chirurg" 
and all the "Krankenschwestern/-pfleger" who took care of me -so well- and gave me the 
possibility to realize my wishes, without changing any of my plans.  
 
Then, I would like to thank my supervisor, Prof. Carsten Bolm, for giving me the chance of 
joining his group. The number of great opportunities that were available here, really surpassed 
my imagination. To mentioned only some of them: the working conditions (lab space, 
equipment...), the motivating discussions and support ("sounds excellent!"), the participation at 
Symposium (OMCOS, Pacifichem...), and of course the chance of spending 2 months in 
Tokyo, thanks to Prof. Eichii Nakamura and the JSPS, also to all group members, to Antoine 
Buchard, Marion Giraud, Guillaume Lapointe and special thanks to the Nakanishi's family for 
their kindness and the amazing experience shared in Kyoto. 
I am also glad to thank his wife, Gae Young Bolm, who was for me a great friend and with 
whom I liked to share the "so much different but very attractive" asian culture. Hoping to see 
you both in Paris. 
 
I wish to truly thank all the people who helped a lot during the last period of the Thesis. First, I 
would like to thank Belén Rodríguez, Gwion Harfoot, Lorenzo Zani, Marcus Frings, Toni 
Rantanen and Sébastien Schoumacker for the proof-reading of the manuscript and their kind 
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